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ABSTRACT
Liquefaction is a phenomenon during which saturated 
cohesionless soils lose a major portion of their shear 
strength. Liquefaction has been identified as the source of 
several major failures. In this study, a comprehensive 
program to investigate the in-situ and laboratory liquefaction 
potential of sandy soils was carried out.
The in-situ testing program included friction cone, 
seismic cone, piezo-cone, and dual piezo-cone penetration 
tests. Several in-situ liquefaction procedures were reviewed. 
Four procedures were selected to evaluate the liquefaction 
potential of a number of sandy sublayers in two well- 
documented sites in the southern Imperial Valley, California.
The laboratory testing program included monotonic and 
cyclic liquefaction tests using two different testing 
equipment: triaxial and hollow cylinder cell. A new hollow 
cylinder cell equipment was designed, fabricated and 
calibrated. This new equipment allows performing monotonic or 
cyclic cavity expansion tests.
Effect of the main testing variables on the laboratory 
liquefaction potential of a fine sand, using the two 
equipment, were examined. The effect of the applied stress 
path on the monotonic and cyclic liquefaction potential of the 
soil was illustrated. Also, relationships between cyclic and 
monotonic liquefaction were considered, using both devices.
Chapter 1 
INTRODUCTION
Soil liquefaction has been identified as the source of 
several major catastrophic failures. Liquefaction has been 
conventionally defined as the collapse process in loose, 
saturated non-cohesive soils where due to the buildup of 
excess pore water pressure the effective stresses, and, 
therefore, the shear strength of the soil are drastically 
reduced. Liquefaction failures have been reported to occur due 
to seismic as well as nonseismic loading sources.
Unti1 the late 1970's laboratory evaluation of the 
liquefaction potential of granular soiIs were mainly based on 
cyclic triaxial or simple shear test results. Several 
investigators have studied the effect of different testing 
variables on the liquefaction susceptibility of laboratory
prepared specimens. The testing variables often considered 
include: confining pressure, relative density, cyclic stress 
ratio, loading wave frequency and form, overconsolidation 
ratio, and existance of initial shear stress. Liquefaction 
susceptibility of granular soils is largely influenced by the 
shear induced volume changes which in turn depends primarily 
upon the type of the stress path to which the soil is
subjectd. The effect of stress path on the liquefaction
potential of granular soiIs has not been adequately
investigated. In fact, the extent of the research conducted on
this topic so far has been very limited. Furthermore, new 
liquefaction evaluation procedures have been proposed which 
are entirley based on the results of monotonic tests. However, 
possible relationships between mechanisms leading to 
1iquefaction under monotonic and cyclic loading have been the 
subject of very limited investigation.
During the past three decades several techniques for the 
in-situ evaluation of the liquefaction potential of soils have 
been proposed. The in-situ techniques used for this purpose 
include standard and cone penetration tests, geophysical 
techniques such as cross-hole and seismic cone penetration 
tests, electrical resistivity methods, and dilatometer test. 
Throughout the 1980's, cone penetration test (CPT) and 
piezocone penetration test (PCPT) have progressively emerged 
as reliable tools for soil stratification. Various CPT and 
PCPT based soi1 stratification charts have been proposed by 
different investigators. Although various CPT based 
1iquefaction evaluation procedures have been proposed, a 
comparative analysis of their predictive capabilities has not 
yet been reported in the literature. Furthermore, use of 
piezocone data for prediction of liquefaction potential of 
soils has so far been limited to qualitative analyses.
In order to address the above mentioned research needs, 
a comprehensive research program involving field testing, 
laboratory studies, and numerical modeling of soil behavior 
was designed. The major goals of this research program have
been to: (a) determine the effect of stress path and the main 
testing variables (specifically, relative density and 
consolidation pressure) on the static as well as cyclic 
liquefaction resistance of a sandy soil, (b) investigate 
possible relationships between monotonic and cyclic 
liquefaction resistance of this sand under two distinct stress 
paths, (c) conduct a comparative study of several well-known 
in-situ liquefaction evaluation procedures. As the nature of 
this research program required, other issues were also to be 
addressed. In particular, the following research tasks were 
undertaken:
1. Several friction cone, piezo-cone and seismic cone tests 
were performed in selected wel1-documented sites in Imperial 
Valley, California. The results of these tests were analysed 
to establish comparisons among four well-known liquefaction 
evaluation procedures. Also, during the course of the field 
testing program detailed soil stratifications were recorded at 
the sites under consideration to identify a suitable sandy 
soil for the proposed laboratory investigations. A fine sand 
was selected and several hundred pounds of this material was 
transferred to LSU geotechnical engineering laboratory. 
Results of laboratory identification and index tests on the 
selected Heber Road Dune sand are presented in Appendix A.
2. Monotonic and cyclic triaxial liquefaction tests were 
performed on laboratory reconstituted specimens of this sand 
under different initial states of consolidation pressure and
relative density. To conduct these tests, a closed loop servo- 
hydraulic triaxial system with 22 kip axial load capacity 
manufactured by Material Testing Systems, Inc. was used. The 
system had to be fully calibrated and a data acquisition 
package for complete testing automation was developed.
3. In order to perform the monotonic and cyclic cavity 
expansion tests, a hollow cylinder cell apparatus was 
designed, fabricated, calibrated, and integrated into the main 
testing equipment (MTS).
4. A numerical algorithm for interpretation of monotonic 
cavity expansion test results was developed using an elasto- 
plastic constitutive soil model. This interpretation procedure 
was used to: (a) investigate the effect of geometric boundary 
conditions (i.e. scale effects) on the hollow cylinder cell 
test results, and (b) determine values of cyclic stress ratios 
for the hollow cylinder cell tests which would be compatible 
with those used for cyclic triaxial tests.
Chapter 2 
LITERATURE REVIEW
Soil liquefaction has been identified as the major cause 
of catastrophic failures in a variety of geotechnical 
engineering applications. Liquefaction has been conventionally 
defined as the collapse process in loose non-cohesive soils 
subjected to seismic loading as the generated excess pore 
water pressure attains the total confining stress (Seed and 
Lee, 1966). However, liquefaction failures (sometimes cal1ed 
"flow slides") are reported to have also occured due to other 
causes including low-level vibrations from non-seismic 
sources, construction operations, and rapid monotonic loadings 
such as tidal fluctuations and rapid drawdown in hydraulic 
fill dams (Edgers and Karlsrud, 1982).
2.1 Basic Definitions of Soil liquefaction
Ever since its first usage by Hazen (1920), to describe 
the failure of the Calaveras Dam in California in 1918, the 
term 1iquefaction has been used in reference to a number of 
static or cyclic col lapse mechanisms for loose granular soi1 
deposits:
Initial Liquefaction. Seed and Lee (1966) used this term 
to define a stage at which the measured excess pore water 
pressure during cyclic triaxial tests attained the value of 
the initial confining stress (100% pore pressure ratio). The 
parameter which is commonly used to define initial
5
6
liquefaction is cyclic stress ratio (CSR) defined as the ratio 
of the applied cyclic deviatoric stress to the effective 
confining pressure. Several investigators (Lee and Seed, 1967; 
Finn et al. , 1971; Mulilis, 1975; Castro and Poulos, 1976, and 
others) have studied the factors which determine the required 
CSR to yield initial 1iquefaction.
Cyclic Mobility. Several investigators (Casagrande, 1975; 
Castro and Poulos, 1976; Poulos et al., 1985, and others) have 
used this term to define a stage at which subsequent to 
occurence of initial 1iquefaction the soil would stabilize 
either due to dilation or due to its residual strength and a 
total 1oss of shear strength would not occur. Other 
investigators (Seed, 1979) have used the term "cyclic initial 
1iquefaction with 1imited strain potential" or "partial 
1iquefaction" to refer to the same phenomenon.
Static Liquefaction. Several investigators (Poulos, 1981; 
Castro et al. , 1982; Poulos et al., 1985; Sladen et al., 1985) 
have proposed the concept of static liquefaction to describe 
the phenomenon of steady-state deformation at which a mass of 
soil would continuously deform under constant normal and shear 
stresses, constant volume, and constant rate of shear strain. 
Castro et al. (1982), and Poulos et al. (1985) reported that, 
for sand specimens consolidated under different pressures, the 
piot of void ratio versus effective minor principal stress at 
failure obtained from undrained triaxial tests yields a 
straight line called the steady-state line (SSL). The location
and orientation of the SSL is assumed to only depend on the 
in-situ void ratio. It defines the limiting state of 
steady-state deformation. Once the steady state is reached, 
the soi1 shear strength reduces to a residual or critical 
state value, which is assumed to be solely a function of the 
in-situ void ratio.
The laboratory procedures currently used to define the 
cyclic initial liquefaction and static liquefaction potential 
of soils are discussed in the subsequent section.
2.2 Laboratory Determination of Liquefaction Potential
At present, the laboratory procedures for determination 
of the liquefaction potential of soils can be broadly 
classified into two major categories:
Cyclic Liquefaction Tests. Cyclic 1iquefaction potential 
of a laboratory prepared specimen is commonly defined as the 
number of cycles required to induce initial liquefaction (100% 
pore pressure ratio condition) under an applied stress 
component (stress-control led tests) or an applied strain 
amplitude (strain-controlled tests). The tests most commonly 
used for this purpose are cyclic triaxial (Lee and Seed, 1967; 
Finn et al. , 1970; Ishihara, 1985), cyclic torsional shear 
(Ishibashi and Sherif, 197 4; Robinet et al., 1983; Alarcon et 
al. , 1986), and simple shear (Peacock and Seed, 1968; Finn et 
al., 1971; Amer et al., 1986).
The most significant soil parameters and testing 
variables affecting the cyclic liquefaction potential of
granular soils are (Seed, 1976):
1. relative density,
2. confining pressure,
3. specimen preparation technique and sample disturbance,
4. soil type (grain size distribution, grain geometry, 
coarseness, percentage of fines),
5. stress and strain history,
6. loading characteristics (frequency, duration, form),
7. consolidation ratio (presence of initial shear stress),
8. period under sustained load.
A detailed discussion of the effect of each and every 
parameter in the above list has been reported elsewhere 
(Townsend, 1978). In the following paragraphs, a summary of 
the effect of the more fundamental parameters on the cyclic 
liquefaction resistance of sandy soils are presented:
Specimen Preparation. Several authors have investigated 
the effect of specimen preparation method on the cyclic 
liquefaction resistance of soils (Mulilis, 1975; Ladd, 1976; 
Canou, 1989; and others). The most comprehensive set of data 
on this topic was presented by Mulilis (1975). He reported 
results of cyclic triaxial liquefaction test performed on 
specimens of Monterey No. 0 sand prepared using different 
procedures. The preparation methods included various 
pluviation (raining), vibratory, tamping and roding 
techniques. The main finding of this study was that high 
frequency vibration and air-pluviation would yield the highest
and lowest liquefaction resistance, respectively.
At present, a standard specimen preparation technique for 
cyclic liquefaction tests does not exist. For the purpose of 
this study, a specimen preparation technique recently proposed 
by Canou (1989) was used. This technique, which was 
successfully used to prepare very loose sand specimens (Dr 
values as low as 10 to 20 %) will be discussed in a subsequent 
section.
Confining Pressure. Several investigators (Townsend, 
1978; Mulilis, 1975; Castro and Poulos, 1976; Seed, 1976, and 
others) have shown that for a given relative density, the 
cyclic liquefaction resistance of sandy soils increases with 
increasing confining pressure.
Relative Density. Townsend (1978) has reported the 
results of several cyclic liquefaction tests indicating that 
for a given confining pressure, cyclic liquefaction resistance 
increases with increasing relative density.
Consolidation Ratio. Several investigators (Lee and Seed, 
1966; Castro and Poulos, 197 6; Vaid and Chern, 1983; Mohamad 
and Dobry, 1986, and others) have studied the effect of 
consolidation ratio on the cyclic 1iquefaction resistance of 
sands. In a comprehensive study, Mohamad and Dobry (1986) 
showed that this effect depends on the soil dilatancy / 
contractancy tendency. More specifically, they showed that for 
dilative specimens, cyclic liquefaction resistance always 
increases with increasing initial shear stress, while for
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contractive specimens, cyclic liquefaction resistance 
could increase or decrease depending on the relative 
magnitudes of the initial shear stress, cyclic deviator 
stress, and undrained steady-state shear strength of the soil.
Applied Stress Path. Liquefaction potential of soils is 
mostly influenced by the volume changes which occur during 
in-situ loading. These volume changes are in turn control 1ed 
by the type of stress path to which the in-situ soi 1 is 
subjected. Therefore, a study of the stress path effect on the 
(monotonic or cyclic) liquefaction resistance of the 
particular soil is essential in every field investigation 
concerning liquefaction failures. In order to address this 
issue, several testing equipment have been used in practice, 
including cyclic triaxial test (Lee and Seed, 1967; Finn et 
al. , 1970; Ishihara, 1985), cyclic torsional shear test
(Ishibashi and Sherif, 1974; Robinet et al., 1983; Alarcon et 
al., 1986), and cyclic simple shear test (Peacock and Seed, 
1968; Finn et al., 1971; Amer et al., 1986). Also, a limited 
number of strain-controlled cyclic cavity expansion test 
results have been reported by Schwab and Dormieux (1985).
The investigations cited above, however, do not address 
two critical issues: (1) comparison between the liqefaction
resistance of the same soil, prepared to identical initial 
conditions, tested in different equipment, and (2) comparison 
between monotonic and cyclic liquefaction of the same soil, 
prepared to identical conditions, using the same equipment.
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In this study, monotonic and cyclic triaxial tests as 
well as monotonic and cyclic hollow cylinder cell (HCC) tests 
were performed to address the research needs described above..
Static Liquefaction Tests. Recently, Poulos et al. (1985) 
proposed a procedure for determination of the liquefaction 
potential of sandy soils from monotonic triaxial undrained 
tests. The method which is based on the concept of the 
steady-state line (Castro, 1969; Poulos, 1981) involves five 
steps:
1. determine in-situ void ratio for the given soil,
2. determine steady-state void ratio, or density, as a 
function of effective stress using compacted specimens,
3. determine undrained steady-state strength for 
undisturbed specimens,
4. correct measured undrained steady-state strengths to 
in-situ void ratio,
5. calculate in-situ driving shear stress and the 
liquefaction potential, or safety factor.
In order for the proposed procedure to be of practical 
relevance, two fundamental issues must be adequately adressed. 
Firstly, as indicated by Poulos et al. (1985), both the
location and the inclination of the steady-state line depend 
on, and are sensitive to, the in-situ void ratio of the given 
sandy soil. With the present sampling techniques for granular 
soils, a precise determination of the in-situ void ratio is 
very difficult, if not unfeasible. Therefore, the effect of
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sampling procedures on the static liquefaction potential of 
soils must be taken into account. Secondly, the proposed 
method has so far been used to determine the liquefaction 
potential of soil specimens subjected to only one type of 
stress path (i.e. that of undrained triaxial compression 
test). Thus, in order for this method to be of practical 
relevance, the fundamental concept of the steady-state of 
deformation and an appropriate testing procedure to establish 
the steady-state 1ine need to be thoroughly investigated for 
other stress paths.
Sladen et al. (1985) have proposed an alternative
procedure to evaluate the static liquefaction potential of 
sandy soils. Their method is based on a number of key 
observations made during stress- and strain-controlled 
undrained triaxial tests on sandy soils: (a) specimens
prepared at the same void ratio (relative density) failed at 
the same point on the steady-state 1ine (SSL) regardless of 
their consolidation pressures, (b) the peak points of the 
observed effective stress paths (in the q-p' plane) for 
specimens prepared at the same void ratio fell on a straight 
1ine passing through their common failure point on the SSL. 
Moreover, the authors have suggested that due to the 
inter-dependence of the three test parameters (i.e. q, p', and 
e) in determining the liquefaction potential of a given 
specimen, a three-dimensional "collapse surface" can be 
established. The proposed surface is similar in concept to the
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"State Boundary Surface" proposed by Schofield and Wroth 
(1968) in the sense that specimens with initial states 
approaching or on the collapse surface would be susceptible to 
liquefaction. At present, data supporting the concept of a 
collapse surface have been established only from undrained 
triaxial compression tests. A rational use of this concept in 
predicting the liquefaction potential of soils in-situ 
requires its verification for other stess paths.
The effect of a number of testing variables on the static 
liquefaction potential of sands defined by the steady-state 
line have been reported in the 1iterature. Castro and Poulos 
(1976), Kramer and Seed (1988), and Canou (1989) have 
investigated the effectf of relative density, confining 
pressure, and consolidation ratio on the static liquefaction 
resistance of various type of sands. These studies have 
concluded that the static liquefaction resistance of initial 1y 
1 oose specimens increases with increasing relative density and 
consolidation pressure and decreases with increasing 
consolidation ratio.
Loading Mode. Castro et al . (1982) and Sladen et al .
(1985) have investigated the effect of stress- versus 
strain-controlled loading procedure on the steady-state line. 
They have reported that the loading procedure has practically 
no effect on the obtained steady-state 1ine.
Limitations of Laboratory Procedures. Laboratory tests in 
general present a number of limitations:
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1. The laboratory prepared samples do not adequately 
represent the in-situ soil with regard to:
a. the initial in-situ states of stress and density
b. depositional history (aging, cementation, etc.)
c. in-situ structure and fabric
d. stress history (overconsolidation),
2. The state of stress/strain induced within the specimen 
during laboratory tests is not uniform,
3. Presently, it is difficult to precisely simulate in the 
laboratory the actual in-situ stress/strain path.
Limitations of the existing laboratory testing procedures 
have stimulated the development and growing use of in-situ 
testing for the evaluation of liquefaction potential of soils. 
A critical review of some common in-situ liquefaction 
evaluation techniques is presented in the following section. 
2•3 In-situ Evaluation of Soil Liquefaction Potential
Several in-situ techniques have been used to determine 
the liquefaction susceptibility of soils. The essential 
features of each test are described below:
Standard Penetration Test (SPT). The most commonly used 
method for determination of the liquefaction potential of 
sandy soils is based on SPT results (Seed and Idriss, 1971; 
Iwasake, 1982; Seed, et al., 1983; Nixon, 1982, and others). 
The liquefaction susceptibility of any given soil layer in the 
field is determined through the use of empirically developed 
charts. The charts correlate the anticipated in-situ cyclic
15
stress ratio, determined from the semi-empirical formula 
proposed by Seed and Idriss (1971), to either the SPT blow 
count number or to in-situ relative density.
The main advantage of the SPT lies in the availability of 
a large data base of results which is of significant practical 
value. However, SPT suffers from several disadvantages:
1. the in-situ soil is subjected to a great amount of 
disturbance,
2. the induced stress path is complex resulting in 
difficulties in analytical interpretation of test 
results,
3. the testing procedure in practice is not standardized 
raising questions with regard to reliability and 
reproducibility of results,
4. the testing procedure does not allow for determination of 
the main parameters controlling the liquefaction 
resistance; that is the generated excess pore pressures 
or soil volume changes,
5. the test does not yield a continuous soil profile and, 
therefore, it is practically unfeasible to detect thin 
sandy seams in which liquefaction is often initiated.
Cone Penetration Test. Friction cone penetration test 
(CPT) offers two significant advantages over SPT: (a)
standardized testing procedure (ASTM-D3441, 1979) yielding
reproducible results, (b) ability to produce continuous soil 
profile and thereby to detect thin seams of sandy soils in
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which liquefaction may be initiated. However, the use of CPT 
for liquefaction evaluation presents major concerns with 
regard to: (a) soil disturbance during penetration, (b)
difficulties in analytical interpretation due to complex 
induced stress path, (c) inability to measure generated excess 
pore pressures or soil volume changes.
A number of empirical CPT-based liquefaction evaluation 
charts have been proposed:
CPT-SPT Correlation. Several investigators (Douglas et 
al. , 1981; Seed, 1983, and others) have proposed liquefaction 
evaluation procedures based on converting the CPT tip 
resistance (qc) values into equivalent values of SPT blow 
count (N). This permits direct utilization of the existing 
large data base of SPT results in various soils.
Cyclic Stress Ratio-Relative Density Correlation. S e e d  
and Idriss (1981) have proposed an empirical procedure for 
liquefaction evaluation based on acorrelations between the 
in-situ determined relative density (using SPT or CPT data) 
and the average in-situ cyclic stress ratio.
Cyclic Stress Ratio-Tip Resistance Correlation. Robertson 
and Campanella (1985) have proposed a liquefaction evaluation 
chart based on an empirical correlation between the in-situ 
induced average cyclic stress ratio and the modified cone 
bearing (qc ). This correlation was established by using the 
cyclic stress ratio-relative density (Dr) chart developed by 
Christian and Swiger (1975) along with the Dr-qc chart
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s'proposed by Baldi et al. (1982). They have further proposed an 
upper bound for this correlation to account for the effect of 
cementation and aging.
Similar charts had been proposed by Zhou (1980) and Seed 
et al. (1983).
Shear Wave Velocity Measurement. Shear wave velocity 
measurements have been used in two ways to develop 
liquefaction evaluation charts. A number of investigators 
(Seed et al. , 1983; Robertson et al., 1986; NCEE, 1985) have 
proposed empirical correlations between the shear wave 
velocity and the SPT blowcount number (N) allowing the direct 
utilization of SPT-based liquefaction potential charts. Other 
investigators (Bierschwale and Stokoe, 1985; NCEE, 1985; Juran 
et al. , 1989) have reported the use of in-situ shear wave
velocity and ground surface acceleration measurements, along 
with direct site observations to evaluate liquefaction 
potential of in-situ soils.
In-situ shear wave velocity can be determined by a 
variety of techniques including seismic cone test, and 
cross-hole, or down-hole method.
Flat-plate Dilatometer Test. The dilatometer equipment 
has been developed by Marchetti (1980), and related testing 
procedure has been described in details by Marchetti and 
Crapps (1981).
Empirical procedures have been proposed by Marchetti 
(1982) and by Robertson and Campanella (1984) for evaluation
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of the liquefaction potential of sandy soils from DMT results. 
These procedures involve correlations between the in-situ 
average cyclic stress ratio required to cause liquefaction and 
the horizontal stress index, Kd .
The main advantage of DMT is the well-defined stress path 
(i.e. cylindrical cavity expansion) to which the soi1 is 
subjected during the test. This allows development of 
analytical interpretation procedures based on the available 
theories of cavity expansion. However, use of dilatometer for 
in-situ 1iquefaction evaluation raises questions with regard 
to: (a) soil disturbance during the placement phase, and (b) 
inability to measure generated excess pore pressures during 
the test.
2.4 Use of Piezo-cone Penetration Test (PCPT). Piezo-cone 
(Wissa et al. , 1975; Torstensson, 1975) is an in-situ testing 
equipment which allows simultaneous measurement of the tip 
resistance, the shaft friction and the excess pore water 
pressure generated during the penetration. Piezo-cone 
penetration test (PCPT) presents the unique capability of 
providing a continuous, accurate soil stratification (Baligh 
et al . , 1980; Tumay et al. , 1981; Robertson et al . , 1985; 
Juran and Tumay, 1989).
A number of PCPT-based soil classification charts and 
procedures have been offered using the tip resistance and the 
excess pore pressure measured along the shaft, immediately 
above the tip (Tumay et al. , 1981; Senesset et al. , 1982;
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Robertson et al. , 1985).
The increasing use of piezo-cone has stimulated an 
extensive research on both practical and theoretical aspects 
of cone penetration. Investigations on the practical aspects 
of cone penetration have been focused on the effect of factors 
such as cone geometry (Levadoux and Baligh, 1980; Tumay et 
al. , 1981), penetration rate (Campanella and Robertson, 1981; 
Canou et al . , 1988, Juran et al . , 1989), location of the
piezo-cell (Wroth, 1984; Campanella et al. , 1984; Juran and 
Tumay, 1989), and compressibility of the piezo-cell (Rad and 
Tumay, 1985; Juran et al. , 1989) on the magnitude of the
excess pore pressures generated during penetration. 
Theoretical analyses of the cone penetration problem have been 
mainly focused on the strain path (Baligh, 1985) and the flow 
fields (Tumay et al. , 1985) around a penetrating cone,
generation and dissipation of excess pore water pressures 
during and after penetration (Levadoux, 1980; Chan, 1982; 
Kiousis et al . , 1988), and large strain finite element
simulation of cone penetration mechanism (Karim, 1985; 
Kiousis, et al., 1988).
A rigorous quantitative analysis of the soil-cone- sleeve 
interaction is complex. However, differences in pore water 
pressures measured at the center of the cone and along the 
shaft can be qualitatively related to the induced strain paths 
in the soil. In the vicinity of the cone center, the soil 
distortions are coupled with high compressive strains
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resulting in large positive excess pore pressures. Along the 
shaft, however, the soil is subjected to large distortional 
strains which can induce either positive or negative excess 
pore water pressure depending on the tendency of the soil to 
contract or dilate, respectively.
Tumay et al. (1981), Campanella et al. (1984), and Juran 
and Tumay (1989) measured generated excess pore water 
pressures both on the cone and along the friction sleeve in 
loose and dense sand seams. Tumay et al. (1981) and Juran and 
Tumay (1989) used a dual piezo-cone which provides excess pore 
pressure measurements at the cone and along the shaft, in 
addition to measurements of the tip resistance and sleeve 
friction. The results reported by Juran and Tumay (1989) 
clearly indicated the advantage of the dual piezo-cone in 
detecting very thin sand seams in which liquefaction is often 
initiated.
Despite its clear advantages over SPT and CPT, use of 
PCPT for in-situ liquefaction evaluation raises a number of 
questions with regard to: (a) difficulties involved in
analytical interpretation of test results due to complex 
stress path, (b) soil remolding and disturbance during the 
test. Furthermore the data base of PCPT results is limited at 
the present time. Development of rational PCPT-based 
liquefaction evaluation procedures necessitates establishing 
much broader testing programs in various soil types and 
conditions.
Chapter 3
IN-SITU EVALUATION OF THE LIQUEFACTION POTENTIAL 
OF SAND DEPOSITS: A COMPARATIVE ANALYSIS
Cone penetration test (CPT) has been increasingly used 
during the past two decades for soil stratification. 
Developments and engineering use of piezo-cone (PCPT) and 
seismic cone have enhanced the cone capabilities to identify 
soil strata and to provide data pertaining to the engineering 
properties of the in-situ soil. Specifically, the dual piezo­
cone (DPCFT) recently developed at L.S.U. (Tumay, 1985) yields 
measurements of the excess pore water pressures at the tip and 
along the friction sleeve, in addition to the point resistance 
and shaft friction, which can be related to the volume change 
properties of the soil, and therefore to its liquefaction 
potential. The seismic cone yields the in-situ shear wave 
velocity which can be empirically related to the shear modulus 
and to its liquefaction potential.
Several interpretation methods and classification charts 
have been established to use cone penetration data for the in- 
situ evaluation of soil liquefaction potential. In order to 
conduct a comparative analysis of the existing CPT/PCPT based 
liquefaction evaluation procedures, and to assess the 
capabilities of the DPCPT and the seismic cone to predict soil 
liquefaction potential , an in-situ testing program including 
seismic and piezo-cone penetration tests was established. The 




Analysis of the test results using the available 
interpretation methods for assessment of soil liquefaction 
potential is presented in this chapter. This analysis 
demonstrates that although these methods rely on different 
empirical assumptions and involve correlations with different 
testing variables, they yield consistent results. Results of 
this study are also compared with previously published data on 
the same sites.
3.1 Available CPT-based Liquefaction Evaluation Procedures
Several procedures have been proposed for the in-situ 
evaluation of the liquefaction potential of sandy soils using 
seismic or friction cone penetration tests. They can be mainl y 
classified into two categories: (a) the seismic cone approach, 
and (b) friction cone based approaches.
The Seismic Cone Approach. Several investigators 
(Robertson et al., 1986; Bierschwale and Stokoe, 1984; NCEE, 
1985; Juran et al., 1989) have reported evaluation of
liquefaction susceptibility of sand deposits based on seismic 
cone test results. In this approach (Fig. 1), the likelihood 
of liquefaction occurance, at a certain depth, is determined 
from the estimated values of the maximum ground acceleration 
and shear wave velocity.
Friction Cone Based Approaches. Several procedures for 
evaluation of liquefaction potential of sandy soils based on 
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Figure 1. Liquefaction Evaluation Procedure Based on Shear
Wave Velocity (Bierschwale and Stokoe, 1985)
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proposed. These procedures can be classified into four main 
categories:
CPT-SPT Correlation. Until the late 1970's, standard 
penetration test (SPT) was the only in-situ testing technique 
for evaluation of the liquefaction potential of soils, and, 
therefore, there exists a large data base of SPT results for 
a variety of soil types and characteristics. In the SPT-based 
approach (Fig. 2), the in-situ liquefaction potential is
usual 1y determined based on an empirical correlation between 
the blowcount (N) value and the average in-situ cyclic stress 
ratio. The average cyclic stress ratio is defined as the ratio 
of the expected induced cyclic shear stress (xaV(8), generated 
by an earthquake of given duration and magnitude, to the 
vertical effective stress at the specific depth (o'wo). The 
use of SPT for the in-situ liquefaction evaluation, however, 
raises basic questions with regard to: (1) non-standard
testing procedure and equipment design, (2) interpretation of 
the soil response due to the impact type of loading during the 
test, (3) difficulties involved in
identifying 1oose sand seams in which 1iquefaction is often 
initiated, (4) a discontinous soil profile obtained due to the 
testing procedure. Cone penetration test (CPT), on the other 
hand, involves a standardized testing procedure, yields 
continuous soil profiles, and presently offers the only 
feasible in-situ testing technique to detect loose liquefiable 
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Figure 2. Liquefaction Evaluation Chart Based on SPT
Results (Seed and Idriss, 1981)
The main difficulty associated with the use of CPT test 
for evaluation of the liquefaction potential of soils lies in 
the limited data base of CPT results presently available. 
Therefore, several investigators (Douglas et al., 1981; Seed, 
1983; Robertson et al. , 1985; and others) have proposed
liquefaction evaluation procedures based on the semi-empirical 
or statistical correlations which allow conversion of CPT tip 
resistance (qc ) values to equivalent SPT N values. Figure 3 
shows the application of one such liquefaction prediction 
chart, proposed by Seed (1983), to assess the liquefaction 
sucseptibility of three sites during an earthquake with a 
magnitude of 7.5.
Cyclic Stress Ratio-Relative Density Correlation. The 
response of the in-situ sandy soils to a particular stress or 
strain path (such as that inducing liquefaction) is mainly 
governed by the in-situ effective overburden pressure, o'v o , 
and the relative density, Dr . Therefore, a number of authors 
(Schmertmann, 1978; Baldi et al., 1982; Robertson et al.,
1985; and others) have proposed CPT based correlations between 
the tip resistance and the relative density of the in-situ 
soil. Some of these methods use directly the results of the 
CPT tests to determine the in-situ relative density, while 
others make use of CPT-SPT correlations. Once established, 
such correlation can be used to correlate the in-situ relative 
density and the earthquake induced average cyclic stress ratio 
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Cyclic Stress Ratio - Tip Resistance Correlation. Several
authors (Seed et al. , 1983; Robertson and Campanella, 1985, 
and others) have proposed procedures for evaluation of 
liquefaction potential of sandy soils based on the correlation 
of cyclic stress ration (CSR) induced in the field during an 
earthquake and the CPT tip resistance (Qt). One such 
1iquefaction evaluation chart was proposed by (Fig. 5)
Robertson and Campanel1 a (1983) . This chart was modified in a 
later work (Robertson and Campanel la, 1985) to take into
account the effectf of aging and cementation on soil 
liquefaction resistance.
Field studies at sites affected by the 1978 earthquake in 
Tangshan, China led to the development of an empirical 
procedure for evaluation of liquefaction potential of clean 
sands (Zhou, 1980). In this procedure, a critical tip 
resistance value, Qcrit' seperating liquefiable from 
nonliquefiable deposits of clean sands upto 15 m below the 
ground surface is determined as a function of the depth to the 
layer under consideration, the location of the ground water 
table, and the earthquake intensity. Seed (1983) has shown 
that the procedure proposed by Zhou (1980) would yield almost 
identical results to those predicted using SPT-CPT correlation 
charts.
Correlations Based on Direct Observation. Robertson and 
Campanella (1985) have proposed a liquefaction evaluation 
chart based on observation of soil response during several
30
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earthquakes. This chart, shown in Figure 6, defines the 
envelope of most liquefiable soils, denoted as Zone A.
3.2 Comparative Evaluation of the Available Procedures. In 
order to assess the applicability of the various liquefaction 
evaluationtion procedures summarized above, the testing 
program outlined in Table 1 was planned. The tests were 
performed in the Heber Road and Wildlife sites, Imperial 
Valley, California, and the tests results are presented in 
Appendix A.
Figures 7.a and 7.b illustrate the soil profiles at the 
two sites as reported by Youd and Bennett (1983). The 
penetration test results indicated the presence of several 
sublayers of sandy deposit. In order to conduct the 
comparative study, five different sand layers were selected 
and analysed using the seismic cone based procedure (Fig. 1) 
and three of the four CPT-based procedures (Figs. 3, 4, 6) 
outlined above. Youd and Bennett (1983) have reported the use 
of the fourth CPT-based procedure to determine the 
liquefaction susceptibility of the same deposits. Table 2 
summarizes the method predictions and indicates that the four 
procedures yield consistent evaluations of the liquefaction
potential of the sand layers considered. Moreover, these
results are in good agreement with those reported by Youd and 
Bennett (1983).
3.3 Potential Use of Piezo-cone Data
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liquefaction evaluation, effect of the main testing variables 
(location of porous element, porous element compressibility, 
and penetration rate) on the results of penetration tests must 
be adequately investigated.
A parametric study was performed during this study to 
evaluate the effect of each testing variable on the measured 
soil response in terms of tip resistance, shaft friction, and 
generated excess pore pressure(s).
Location of Porous Element (s). Previous experimental and 
theoretical studies (Al Awkati 1975; Parez et al., 1976;
Baligh et al. , 1980; Tumay et al. , 1981; Robertson and
Campanel1 a , 1983; Tumay et al., 1985; Lunne et al., 1986;
Kiousis et al. , 1988; Bruzzi and Battaglio, 1988; Zudiberg, 
1988) have pointed out the individual merits of piezocone 
testing with pore pressures measured either on the shaft above 
the cone tip or at the midsection of the cone tip.
It has also been suggested that piezometric measurement 
on the cone tip is best suited for investigations regarding 
soil classification, whereas the pore pressures measured along 
the shaft tend to reflect the stress history of the sediments 
penetrated. Theoretical studies by Al-Awkati (1975), Tumay et 
al. (1981), and Kiousis et al . (1988) have further indicated 
the likelihood of the presence of a significant unloading zone 
(i.e. tendency for seperation of the soil and shaft interface) 
immediately behind the cone tip extending approximately 2-3 
times the radius of the shaft. The concept of the dual pore
pressure piezocone penetration test (DPCPT) has thus evolved 
from the necessity of making reliable measurements of pore 
pressures generated during a OPT for proper soil 
stratification / classification and stress history (OCR) 
identification. The respective locations of the piezometric 
elements were initially envisaged to be on the face of the 
cone tip and at midsection of the friction sleeve about 3 
diameters behind the cone. Observations on the wear of the 
cone tip and friction sieeve with respect to penetrometer use 
(Tumay et al . , 1981) have demonstrated these locations as 
being subjected to maximum soi1-penetrometer interaction. Due 
to practical reasons, however, the piezometric element on the 
shaft was finally emplace immediately behind the friction 
sieeve 17 cm above the cone tip.
Several investigators (Baligh, et al. , 1980; Tumay and 
Yilmaz; 1981, Campanella et al. , 1985; Lunne, et al. , 1986; 
Juran and Tumay, 1989; etc.) have discussed the effect of the 
1ocation of porous element on the measured excess pore water 
pressures during a piezocone penetration test. Most of these 
studies have been conducted in fine grained 1ow permeabi1ity 
soi 1 s . They have demonstrated that the location of the 
piezometric element has a major effect on the magnitude of the 
measured pore water pressure. The fundamental differences in 
strain paths at the cone tip and along the penetrometer shaft 
results in a significantly different pore water pressure 
response. At the cone tip, the soil is subjected to both
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maximum compression and interface shear. The generated pore 
water pressures are generally dominated by the increase of 
normal stress which can be related to the increase in the 
point resistance. Along the penetrometer shaft and in 
particular immediately behind the friction sleeve, the soil is 
subjected mainly to shearing and the measured pore water 
pressures depend primarily on the tendency of the saturated 
soil to dilate or contract during shearing.
The pore water pressures measured immediately above the 
cone base were found to be highly dependent upon the stress 
history (i.e. OCR), sensitivity, and stiffness to strength 
ratio of the soil. Therefore, several classification charts 
have been developed using the point resistance and the excess 
pore water pressures measured immediately above the cone base 
(Senneset et al. , 1982; Jones and Rust, 1982; Robertson et
al., 1985).
Figure 8 illustrates the results of a DPCPT penetration 
test at the Heber Road site. In addition to the pore pressure 
records uL and u2 , the tip resistance and sleeve friction 
measured with the DPCPT equipment, the pore pressure measured 
just above the tip, during a second sounding, is presented in 
this figure. As indicated, as the tip penetrates the loose 
contracting sand seam, all three measured excess pore 
pressures increase. However, the excess pore pressure measured 
at the tip shows a much larger increase as compared with the 
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Figure 8. Use of DPCPT Test in Identifying Loose Sand Seams
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(octahedral) stress around the tip. The tip resistance and the 
sleeve friction readings facilitate identification of the 
loose sand seam.
In this research program, in order to evaluate the effect 
of the location (along the shaft) of the porous element on the 
measured excess pore water pressures, two types of piezocones 
were used: a dual piezocone with one porous element behind the 
friction sleeve, and a seismic piezocone with a single porous 
element immediately above the conical tip. Analysis of the 
test results indicated several significant points which are 
discussed below:
Heber Road Site. A total of 7 piezocone tests were 
performed at the Heber Road site. Out of these, 4 tests (9.1, 
16.1, 17.1, 19.1) were conducted using the dual piezocone, 
while the other 3 (8.1, 15.1, 18) were performed using the 
seismic cone. Out of these seven tests, two tests (no. 18 and
19.1) were conducted at location 442' while the other five 
were performed at location 700'. The test results are 
presented in Appendix A.
In order to analyse the effect of the location of the 
porous element on the measured excess pore water pressures, 
location 700' was selected. In particular, the results of the 
dual piezocone test no. 17.1 (with ceramic piezo-element) and 
the seismic piezocone test no. 8.1 will be considered:
0 to 2.0 m deep: A prepunch of 2 meters was used in this
test.
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2 to 5.5 m deep: In this sandy soil, the excess pore
pressure record at the tip (Pore 1) consistently recorded 
higher values than those behind the friction sleeve (Pore 2). 
Moreover, the magnitudes of these pore pressures are small (<
1.0 bar). These results, typical of a relatively thick layer 
of a sandy deposit, are consistent with those reported by 
Juran and Tumay (1989) at the Dunkerque site.
An important observation to be pointed out is the very 
close agreement between the magnitude of the measured excess 
pore water pressure behind the friction sleeve (Pore 2 in test
17.1) and that immediately above the cone tip (Pore 1 in test
8.1). As discussed above, the difference in the pore pressures 
measured at these different locations has not yet been 
rigorously investigated. These results indicate that for this 
relatively thick sandy deposit the difference between the pore 
pressures measured at these two locations are practically 
negligible.
The dissipation test no. 17.2 performed at the depth of
4.0 meters permits verification of the low magnitude and rapid 
dissipation of excess pore water pressures generated during 
penetration in this soil layer.
It is important to point out that in a few locations 
(e.g. 2.1, 2.5, 5.3, 5.5, 6.2, 6.5, 8.8, 9.2, 9.6) the pore 
pressure record immediately above the cone tip shows negative 
values at several depths . This observation would tend to 
agree with the results of numerical simulations conducted by
43
Kiousis et al. (1988) suggesting the likelihood of formation 
of a separation zone above the cone, indicating 
discontinuities in the pore pressure profile.
5.5 to 7.2 m deep: In this clayey layer, the excess pore 
water pressure values measured at the tip (pore 1 record in 
test 17.1) are consistently higher than those recorded behind 
the friction sleeve (Pore 2, test 17.1). In particular Pore 1 
record values vary between 4 to 8 bars, whereas those recorded 
by Pore 2 range only between 2 and 4 bars. A comparison 
between the pore pressure recorded (using the seismic cone) 
immediately above the tip with that recorded (using dual 
piezocone) behind the friction sleeve indicates once again the 
close agreement between these two measurements in a clayey 
soil.
7.2 to 7.8 m deep: The excess pore pressures at all three 
locations (Pore 1 and Pore 2 in test no. 17.1, and Pore 1 in 
test no. 8.1) reduce to the hydrostatic pressure as the cone 
penetrates this sandy deposit.
An important observation to be made is that dissipation 
tests 17.4 (using the dual piezocone) and 8.4 (using the 
seismic piezocone) indicate practically identical dissipation 
response behind the friction sleeve and immediately above the 
cone tip.
7.8 to 9.2 m deep: As the cone penetrates through this 
clayey deposit, a systematic increase in the excess pore water 
pressures at all three locations (Pore 1 and Pore 2 in test
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no. 17.1, and Pore 1 in test no. 8.1) is observed.
It is important to point out that in this layer, the pore 
pressure values measured behind the friction sleeve are close 
to those recorded just above the tip.
9.2 to 10.5 m deep: In this sand layer, a major
difference between the pore water pressure measurements behind 
the sleeve (Pore 1, test no. 17.1) and above the tip (Pore 1, 
test no. 8.1) can be noticed. The pore pressure behind the 
sleeve seems to be almost uniform at about 0.7 bar, whereas 
the pore pressure above the tip showed continuous fluctuations 
even becoming negative. These observations tend to suggest 
that immediately above the tip, soil is subjected to a complex 
interaction with the cone penetrometer. These observations 
seem to be consistent with the results of numerical 
simulations reported by Kiousis et al. (1988).
Results of the dissipation test no. 17.6 and no. 8.5 
indicate that (a) with the tip at the depth of 10.06 m, the 
excess pore pressure generated at the cone tip dissipates very 
fast (Tso % 20 seconds) whereas it remains almost at the
hydrostatic 1evel behind the friction sieeve, and (b) 
immediately above the tip, the excess pore pressure is below 
the hydrostatic 1evel implying an unioading zone at that 
1 ocation, which would be consistent with the soi 1 -penetrometer 
separation predicted by finite element simulations (Kiousis et 
al., 1988).
10.5 to 12.3 m deep: There are a number of important
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observations which need to be pointed out with regard to the 
excess pore water pressure records obtained within this clayey 
layer:
(1) From 10.5 to 11.6 meter, the pore pressure at tip is 
consistently higher than that recorded above the cone and 
behind the friction sleeve. In this clayey layer, this is 
anticipated.
(2) At the depth of 11.6 m, there exists a loose sand seam 
inclusion. In the inclusion, the excess pore pressures in all 
three locations increase. The increase in the pore water 
pressure at the tip is substantial (about twice that in the 
surrounding clay layer). It is important to notice that the 
pore pressure response behind the sleeve is very similar to 
that at the tip (i.e. an increase of about two times), while 
the response immediately above the tip is not as sensitive. 
This observation tends to suggest that the dual piezocone 
device may be better suited for detection of loose liquefiable 
sand seams. Similar results were obtained by Juran and Tumay 
(1989) at the Dunkerque site.
(3) Dissipation test no. 17.7 indicates that with the tip in 
the loose sand inclusion, the excess pore pressure at the tip 
dissipates immediately (T50 % 9 seconds).
Wildlife Management Site. A total of 4 piezocone tests 
were performed at the Wildlife site, three dual piezocone 
tests (no. 14.1, 20.1, 22.1) and one seismic piezocone test 
(no. 21). The results of the seismic piezocone test indicate
46
that the porous element was not completely saturated. 
Therefore, the following discussion will be limited to a 
comparison of the excess pore pressure measurements at the tip 
and immediately behind the friction sleeve along the shaft. 
For this purpose, results of dual piezocone test 20.1 along 
with the relevant dissipation tests are discussed below:
0 to 2 m deep: A prepunch of 2 m was used in this test.
2 to 4 m deep: This is a silty layer with clayey
interbeds. Throughout this layer the pore pressure measured at 
the tip (Pore 1 record) is consistently higher than that 
measured behind the friction sleeve (Pore 2).
4 to 6.8 m deep: This is a layer of loose sandy deposit 
with almost no interbeds of silty or clayey materials. Pore 
pressure records (Pore 1 and Pore 2) indicate almost 
hydrostatic pressures throughout this layer. This is mainly 
due to the high permeability of this deposit.
The results of the dissipation test no. 20.2 conducted at 
the depth of 6.18 m confirms that in this highly permeable 
deposit, the excess pore water pressures generated both at the 
tip and along the shaft are very small. They also indicate a 
ground water table depth of about 1.2 m.
6.8 to 11.2 m deep: This is a layer of clayey soil with 
several silty seams. The excess pore water pressures measured 
at the tip are consistently (about 2 times) higher than those 
along the shaft. At the levels of silt seams (e.g. at depths 
7.5, 7.8, 8.5, etc.) the magnitudes of both measurements drop
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indicating penetration through a material of higher 
permeability.
The results of dissipation test no. 20.5 at the depth of 
9.98 m indicates: (a) the excess pore pressure at the tip is 
about twice that along the shaft (behind the friction sleeve) 
at the start of the dissipation test, and (b) both records 
show a slow dissipation rate with T50 * 600 seconds indicating 
the presence of a low permeability soil typical of a silty 
clay.
11.2 to 12.6 m deep: This is a layer of medium dense sand 
deposit. The excess pore water pressures measured at the tip 
are consistently higher than those measured behind the 
friction sleeve. At the depth of 11.6 m, the tip resistance 
reduces from 120 to 80 bars, the pore pressure at the tip 
reduces from 16 to 2 bars, while the pore pressure along the 
shaft practically remains at the hydrostatic level. The 
subsequent increase in the tip resistance from 80 to 115 bars 
results in a substantial increase in the tip pore water 
pressure but has practically no effect on the pore water 
pressure measured at the sleeve in the medium dense sand.
The results of the dissipation test no. 20.7 conducted at 
the depth of 11.58 m, indicates that the high excess pore 
pressures (reaching 11 bars) generated as the tip penetrated 
the medium dense sand immediately dissipate (Tso % 8 seconds).
Porous Element Compressibility. The effect of saturation 
and compressibility of the piezo-element on the measured
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excess pore water pressures during piezocone penetration tests 
have been the topic of a number of investigations (Campanella 
and Robertson; 1981, Rad and Tumay; 1985, Gupta and Davidson; 
1986 and others). These have been primarilly focused on 
evaluation and improvement of procedures used for:
1. deairation of the porous element
2. deairation of the cone
3. protection of the deaired cone-element assembly prior to 
beginning of the test
The porous element compressibility is a fundamental 
parameter which directly influences the quality of excess pore 
water pressure penetration / dissipation records (Campanella 
and Robertson, 1981; Lunne et al . , 1986). In order to
investigate the effect of porous element stiffness on the 
measured excess pore water pressure records, two different 
porous elements were used in this study, a ceramic (aerolith 
10 with hydraulic conductivity of 10'2 cm/sec) and a plastic 
element (with practically the same hydraulic conductivity but 
1ower rigidity).
Heber Road Site. In order to evaluate the effect of 
porous element stiffness on the excess pore pressures 
generated during the piez-cone penetration tests, two dual 
piezocone tests were performed at location 700’, test no. 17.1 
with the ceramic tip and test no. 9.1 with the plastic tip. An 
anlysis of the results of the excess pore pressures measured 
in these two tests is presented below:
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0 to 2 m deep: A prepunch of 2 m was used in this test.
2 to 5.5 m deep: In this relatively loose sand, the
excess pore water pressures measured using the ceramic tip 
(Pore 1, test 17.1) were consistently (upto 1.5 times) higher 
than those measured using the plastic element (Pore 1, test
9.1).
5.5 to 7.2 m deep: In this clayey layer, once again, the 
pore pressures measured using the ceramic tip were higher than 
those measured using the pi astic tip. As the two tips 
penetrate through the silty sand seam at the depth of 5.8 m, 
both records show a drop in the measured pore pressure. 
Moreover, the plastic tip recorded much smaller pore pressures 
for the depths of 6 to 6.5 m.
7.2 to 7.8 m deep: In this medium dense sand deposit, the 
pore pressures measured with the two different tips were 
almost the same. In fact, the two tests indicated a rather 
different soil profile for the depths of 7.5 to 7.8 m. The 
profile predicted using the ceramic tip is, however, more 
consistent with that obtained using the friction cone (test 
n o . 6).
7.8 to 9.1 m deep: In this clayey deposit, the pore
pressures measured using the ceramic element are consistently 
(upto 1.5 times) higher than those measured using the plastic
i
tip.
9.1 to 10.3 m deep: At the start of this sandy layer, the 
pore pressure obtained using the plastic tip is higher than
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that measured using the ceramic tip. As the tips penetrated 
through a silty inclusion (9.4 to 9.9 m ) , both measurements 
indicated a drop in the pore pressures, with the drop in the 
case of the ceramic tip (from 8 to 3.5 bars) being about half 
of that measured with the plastic tip (from 12 to 2 bars). As 
the tips pass through the silt seam back into the sandy 
deposit, the pore pressure measured using the plastic tip 
reaches about 10 bars, while that measured with the ceramic 
tip only reaches 6 bars.
10.3 to 12.4 m deep: In this clayey layer, pore pressure 
measurements using both tips indicated high (between 8 to 16 
bars) values with several fluctuations. The magnitudes of the 
pore pressures measured using the plastic tip were in general 
higher than those using the ceramic tip.
Wildlife Management Site. The results of the piezocone 
test no. 14.1 (using the plastic tip) and no. 20.1 (using the 
ceramic tip) conducted at the WSW position are discussed 
below:
0 to 2 m deep: A prepunch of about 2 m was used in this
test.
2 to 6.8 m deep: This is a loose to medium dense sand 
deposit interspersed with very loose sand seams. Throughout 
this layer, the excess pore water pressures measured using the 
ceramic element were higher than those measured using the 
plastic tip. At the depth of about 3.7 m the tips penetrated 
a very loose sand seam. The pore pressures measured were about
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5 bars, using the ceramic tip and about 2.5 bars, using the 
plastic tip.
6.8 to 11.3 m deep: In this clayey soil deposit, the pore 
pressures measured using the ceramic tip were always higher 
than those using the plastic tip. The only exception was at 
the depth of 7 m where the excess pore pressure using the 
plastic tip reached about 8 bars, while that using the ceramic 
tip was about 6 bars.
Penetration Rate. A number of investigators 
(Campanella and Robertson; 1981, Canou; 1989, Juran and Tumay; 
1989) have studied the effect of penetration rate on the 
induced excess pore water pressures and the cone resistance 
during cone penetration.
The standard penetration rate for piezocone testing is 2 
cm/sec. The main issue affecting the choice of a specific 
penetration rate is the drainage conditions during 
penetration. For high permeability clean sands and coarser 
materials, the excess pore pressures dissipate immediately and 
the penetration occurs under essentially drained conditions. 
However, for low permeability silty or clayey soils, the 
penetration takes place under partially drained to almost 
undrained conditions.
Heber Road Site. In order to investigate the effect of 
the penetration rate on the measured tip resistance and excess 
pore water pressures at this site, one dual piezocone test 
(no. 16.1) and one seismic piezocone penetration test (no.
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15.1) were performed at 17 cm/s. in addition to other tests 
(no. 17.1, 9.1, 8.1) which were conducted at the normal rate 
(2 cm/sec).
A discussion of the results of tests no. 16.1 (fast rate, 
dual piezocone), and no. 17.1 (normal rate, dual piezocone) is 
presented below:
0 to 2 m deep: A prepunch of about 2 m was used in all 
three tests.
2 to 5.5 m deep: In this medium dense sand layer, the
point resistance values obtained at the two rates agreed 
fairly well. The excess pore water pressures obtained at the 
tip under the fast rate were generally higher and included 
many more peaks as compared with those obtained under the 
normal rate. For this sandy layer, this result could be 
expected as under the fast rate the time allowed for the 
excess pore pressures to dissipate is much shorter and, 
therefore, the pore pressure response curve would include more 
fluctuations. The excess pore pressures measured along the 
shaft are almost the same at the two rates.
5.5 to 7.2 m deep: In this clayey silt layer, the point 
resistance values obtained at the two rates agreed very 
closely. However, the penetration records of friction ratio 
and pore water pressures obtained under the two rates indicate 
significantly different soil layers. From 5.5 to 6 m, the two 
penetration records indicate a sandy silt layer with 
approximately equal tip pore pressures. Higher pore pressures
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were recorded at the sleeve under the faster penetration rate, 
probably due to larger residual pore pressures generated at 
the tip during penetration. From 6 to 7 m, the penetration 
rate seems to have a significant effect on the friction ratios 
and the related pore pressures. The faster penetration rate 
yields significantly higher friction ratios indicating a much 
stiffer (clayey) layer. The observed differences in the 
friction ratio profiles can also be related to different pore 
pressure response. In the stiffer cl ay, lower pore pressures 
are recorded at both the tip and the sleeve with negative pore 
pressure at the sleeve. This basic difference is also 
illustrated by comparing the results of the dissipation tests 
no. 16.3 and 16.4 with those of tests no. 17.2, 17.3 and 17.4. 
The higher penetration rate results in an increase of the tip 
pore pressures during dissipation which would suggest an 
apparently partially saturated clayey soil.
7.2 to 7.8 m deep: In this medium dense sand layer, the 
penetration rate seems to have practically no effect on the 
measured tip resistance. It does, however, significantly 
affect the excess pore water pressures measured at the tip. 
Under the fast rate, an excess pore pressure of about 20 bars 
was reached, while under the normal rate the pore pressure 
reached only 14 bars. The tip pore water pressure recorded 
under the fast rate is much more sensitive to the soil 
stratification as detected by the change in the tip 
resistance. The excess pore water pressures measured at the
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sleeve under the two penetration rate were almost equal.
7.8 to 9.1 m deep: In this sandy silt to clayey silt
layer, the tip resistance values obtained under the two rates 
were almost identical. The excess pore water pressure records 
obtained at both the tip and the sleeve under the fast rate 
were consistently lower than those obtained at the normal 
rate.
The lower pore water pressure recorded under the fast 
penetration rate can be again related to higher friction ratio 
indicating an apparently stiffer clay layer. It is also of 
interest to indicate that for locations where the friction 
ratio under the two penetration rates are approximately equal, 
the excess pore water pressures recorded at both the tip and 
the sleeve under the two rates are also about the same. 
However, the observed correlations among penetration rate, 
friction ratio, and pore water pressure in silty clay layers 
must be further investigated.
9.1 to 10.5 m deep: In this medium dense sand deposit, 
the difference in the penetration rate yields the following 
observations:
1. The point resistance records obtained at the fast rate 
indicate a more stratified sand layer with two distinct 
sublayers of lower relative density at about 9.2 and 9.6 m 
depths, respectively. The tip resistance is reduced from 180 
to 100 bars in the first sublayer, and from 170 to 130 bars in 
the second. The tip resistance profile obtained at the normal
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rate shows only one such sublayer with a net reduction in the 
relative density.
2. The pore water pressures recorded under the two rates are 
very sensitive to the change in the tip resistance. The pore 
pressures obtained under the fast penetration rate were about 
2 to 3 times those obtaines at the normal rate. This 
observation once again points out the significance of the 
penetration rate in detecting sublayers of lower relative 
density within a relatively thick sand deposit. This aspect is 
of practical consequence as liquefaction is most likely to be 
initiated in these loose sublayers.
3. The pore pressure measured at the sleeve (us ) under the 
fast rate was also higher than that measured under the normal 
rate. However, this difference in magnitude is primarily due 
to the fact that under the fast penetration rate the 
piezoelement at the sleeve records residual tip pore 
pressures, while under the normal penetration rate these 
residual pore pressures would entirely dissipate. Therefore, 
this observed difference in the measured pore pressures is not 
an indication of contractancy / dilatancy soil behavior and is 
difficult to analyse.
10.5 to 12.2 m deep: This is a silty soil layer with a 
loose sand seam at the depth of about 11.5 m. The penetration 
rate seems to have very slight effect on the tip resistance 
values, however, it substantially affects the sleeve friction 
values and therefore the soil classification. The results of
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fast penetration indicates high friction ratios and tip excess 
pore water pressures close to the hydrostatic value, 
suggesting a stiff clayey layer. The normal penetration showed 
a substantial increase in the tip excess pore pressure to 
about 24 bars and friction ratio of about 2 which would 
suggest a loose silty sand seam. The dissipation test no. 
17.7, conducted with the tip at 11.58 m, indicates the high 
permeability of this sand seam. Under the fast rate, the 
excess pore water pressure measured at the sleeve is larger 
than those at the tip, probably due to the time lag in the 
excess pore water pressure response in the silty soil (or the 
stiff clayey soil) which did not allow the tip pore pressures 
fully dissipate within the short tip-sleeve travel time of 
about 1 second. This time lag is clearly illustrated in the 
results of the dissipation test no. 17.8. Under the normal 
rate, the tip excess pore water pressures were higher than 
those measured at the sleeve.
12.2 to 13.2 m deep: The peak tip resistance values are 
practically not affected by the change in the penetration 
rate. The tip excess pore pressure records appear to indicate 
a higher sensitivity to the changes in the tip resistance 
under the normal penetration rate.
The excess pore water pressures measured at the tip under 
the normal rate are higher than those measured under the fast 
rate. Under the normal rate, the tip excess pore water 
pressures were higher than those recorded at the sleeve. Under
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the fast rate, due to the short time allowed for dissipation 
of residual tip excess pore pressures, the excess pore 
pressures measured at the sleeve are higher than those at the 
tip.
Wildlife Management Site. A comparison between the 
results of the dual piezocone penetration tests 22.1 (at 17 
cm/sec) and 20.1 (at 2 cm/sec) is presented below:
0 to 2 m deep: A prepunch of about 2 m was used in this
test.
2 to 4 m deep: In this loose sandy deposit, the point 
resistance values measured under the two rates were 
practically the same. The excess pore pressures measured both 
at the tip and at the sleeve were practically identical.
4 to 6.5 m deep: In this medium dense sand layer, the tip 
resistance values measured under the fast rate were higher 
than (about 1.5 to 2 times) those measured under the normal 
rate. The fast rate tip resistance and tip pore pressure 
indicate a sublayer of higher relative density at about 5 m 
depth. As previously discussed, in general, an increase in the 
tip resistance yields an increase in the tip pore pressure.
The pore pressures measured at the sleeve under both 
penetration rates remained very close to the hydrostatic 
pressure, which would be expected for medium dense sands.
6.5 to 11.3 m deep: In this silty clay deposit, the tip 
resistance values obtained at the two rates agreed very 
closely. The excess pore water pressures measured at the tip
58
were slightly higher in the case of the fast rate penetration 
(test no. 22.1). The excess pore water pressures measured 
along the shaft indicated significant differences in results 
for the two tests. The values obtained under the normal rate 
indicated large excess pore pressures in the order of 4 to 8 
bars with some fluctuations, whereas those obtained under the 
fast rate were very small becoming negative at depths between
6.8 to 8.4 m, 8.8 to 9.2 m, 9.6 to 10.0 m, and 10.5 to 10.9 m.
The effect of the penetration rate on the excess pore 
water pressures measured at the sleeve is not well understood. 
Two patterns can be consistently identified in both Heber Road 
and Wildlife Management sites. Firstly, the residual tip pore 
pressures cause the measured pore pressure at the sleeve to be 
higher than that under the normal rate due to the short
dissipation time (about 1 second). Secondly, it seems that the 
high values of the friction ratios determined under the fast 
penetration rate in a certain layer could be correlated to the 
pore pressure measured at the sleeve. Comparing the sleeve 
pore pressure records obtained under the fast rate in the two 
sites, it appears that peak friction ratios are associated 
with low to negative excess pore pressures at the sleeve. In 
silty layers where the two penetration rates yield
approximately the same friction ratio values, the recorded 
excess pore pressures at the sleeve were also close. These
trends need to be further investigated.
Chapter 4
STATIC AND CYCLIC TRIAXIAL LIQUEFACTION RESISTANCE
OF THE HRD SAND
As pointed out in chapter 2, liquefaction of sandy soils 
has been the topic of several studies dating back to the early 
1960's. Presently, it seems that there exists two classes of 
thought with respect to liquefaction phenomena and the 
triggering mechanism. The first, originated by the work of 
Seed and Lee (1966), and further elaborated on through the 
works of Seed and his co-workers (Seed and Peacock, 1971; Seed 
et al., 1975; Seed, 1976; Seed, 1979), depicts liquefaction as 
a dynamic loading phenomenon which should be investigated 
through laboratory cyclic tests. The second school of thought, 
originated by the work of Castro (1969), and elaborated on 
through the works of Castro and his co-workers (Castro and 
Poulos, 1976; Poulos, 1981; Castro et al. , 1982; Poulos et 
al . , 1985), describes liquefaction as a static loading
phenomenon which must be investigated through laboratory 
monotonic tests. However, as mentioned in chapter 1, so far 
there has been no or little research on: (a) possible
relationships between mechanisms initiating static and cyclic 
liquefaction, and (b) the effect of stress path on 
liquefaction resistance of a soil.
In order to address the above research needs, a 
comprehensive experimental program involving monotonic and 
cyclic triaxial liquefaction tests, and monotonic and cyclic
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hollow cylinder cell liquefaction tests was established. The 
results of monotonic and cyclic triaxial tests are presented 
and discussed in this chapter.
4.1 Monotonic Triaxial Liquefaction Tests
The purpose of these tests were to: (a) determine the
effect of testing variables, specifically consolidation 
pressure and relative density, on the static liquefaction 
resistance of the HRD sand, (b) determine the steady-state 
(failure) line for this sand, (c) evaluate the collapse 
surface concept proposed by Sladen et al. (1985), and 
(d) provide, along with cyclic liquefaction test results, the 
necessary data base for studying mechanisms of monotonic 
versus cyclic liquefaction.
Testing Equipment. To perform the strain-controlled 
monotonic liquefaction tests, a classical triaxial testing 
system manufactured by Wykeham Farrace, Inc. with maximum 
loading capacity of 5 tons, and a specimen size of 76mm x 38mm 
was used. The instrumentation involved a force transducer to 
measure the axial load, and therefore the major principal 
stress, a LVDT to determine the axial displacement, and 
therefore the axial strain, and two pressure transducers, one 
to measure the back-pressure during saturation stage, and 
another one to measure the excess pore water pressure 
generated during the test. The range of displacement rates 
which could be applied to the specimen for this triaxial 
system was from .1 to 50 mm/min.
Data Acquisition and Control. The data acquisition system 
consisted of a 16 channel data logging unit, a A/D board and 
an a personal computer with a 286 microprocessor. During the 
test, analog data were continuously sent by the force 
transducer, the LVDT, and the pore pressure transducer to the 
acquistion system. The analog data were intercepted at the A/D 
interface, converted into digital readings and collected and 
stored by the computer using a pre-written software provided 
by the Wykeham Farrance, Inc. The use of this data acquisition 
system ensured complete test automation and thereby helped 
reducing the human errors involved in performing the test.
Specimen Compaction Technique. As mentioned in chapter 2, 
a standard specimen compaction technique for laboratory, 
monotonic or cyclic, liquefaction tests does not presently 
exist. Castro et al. (1982) and Poulos et al. (1985) have
reported that specimen preparation technique does not affect 
the monotonic liquefaction resistance of sands, while Mulilis 
(1975) and Townsend (1978) have shown that the preparation 
method can have an appreciable effect on the cyclic 
liquefaction resistance of sandy soils. For the purpose of 
this study, a specimen preparation method proposed by Canou 
(1989) was used. This technique, which is a modification to 
the procedure used by Castro (1969), involves mixing the dry 
soil with water prior to its placement into the mold. The 
premoistening of sand induces an artificial adhesion and 
reduces compaction due to placement of successive layers. A
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mixing water content of 4% by dry weight, suggested by Canou 
(1989), was used throughout this study.
Saturation Technique. Presently, back-pressure saturation 
seems to be the most widely used saturation technique in 
experimental investigations (Head, 1986). The sand type used 
in this study is very fine and even with the backpressure 
saturation technique, it required incrementally increasing the 
backpressure and the cell pressure to about 70 psi before a 
value of B-parameter of 0.95 or higher could be reached. In 
order to speed up the saturation process in case of fine 
sands, use of liquid C02 perculation (purging) is becoming a 
standard practice (Alarcon, 1986; Frost, 1989; Canou, 1989). 
In this study liquid C02 was perculated through the specimen 
for 10 to 15 minutes under a low pressure gradient of about 3 
psi prior to incremental back-pressure saturation stage. This 
extra step not only reduced the overall time taken for 
saturating each specimen but also decreased the required 
maximum back-pressure from about 70 psi to about 50 psi.
Specimen Preparation Procedure. The standard triaxial CU 
testing procedure (Head, 1986) was used throughout this part 
of the research. This procedure is briefly described below:
1. A preweighed amount of sand was mixed with distilled water
at a proportion of 4% by dry weight.
2. A standard three-piece split mold, for 76mm x 38mm
specimens, was assembled on the triaxial cell base. A latex
membrane was placed inside the mold, two O-rings were placed
63
at the top and bottom ends of the mold, and a vacuum of about 
6 psi was applied to the membrane through an inlet to control 
the compaction during the specimen placement stage.
3. The lower end of the membrane was fixed around the bottom 
end cap using the lower O-ring. After placing a porous stone 
on the bottom end cap, the sand was placed in layers inside 
the mold using a spatula. To achieve a higher specimen 
uniformity, a total of 8 to 9 layers were used.
4. After the specimen reached the desired height, with the 
vacuum on, the top cap and porous stone were gently put in 
place, and the membrane was fixed around the top cap using the 
upper O-ring.
5. A vacuum of about 3 psi was applied to the specimen through 
a pressure inlet at the base, the mold was gently 
disassembled, the specimen dimensions were carefully 
determined using a vernier, the triaxial cell was put in place 
and was screwed down into the base.
6. The cell was filled with de-airea water, a confining 
pressure of 5 psi was applied to the specimen, and the vacuum 
was disconnected from the base of the cell.
7. Liquid C02 was perculated through the specimen for 10 to 15 
minutes under a low pressure gradient of about 2 psi.
6. Using the standard incremental back-pressure saturation 
technique (Head, 1986), the sample was saturated. The 
criterion used in determining the end of the saturation stage 
was to reach a minimum value of .98 for the B-coefficient.
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7. After the sample was saturated, the cell pressure and the 
back-pressure were reduced and the sample was allowed to 
consolidate under an effective consolidation pressure of 
predetermined value. During the saturation, the axial specimen 
deformation was accurately monitored but generally no 
appreciable reduction in specimen height was recorded.
8. After the consolidation stage was completed, determined by 
a condition of zero excess pore pressure maintained over a 
time period of at least 2 hours, the drainage valve was 
closed, and the sample was sheared to failure. This was 
achieved by application of a constant vertical displacement 
rate to the specimen.
Vertical Displacement Rate. Castro et al . (1982), Poulos 
et al . (1985), and Canou (1989), among others, have indicated 
that the displacement rate has no effect on the monotonic 
triaxial liquefaction resistance of sandy soils. For instance, 
Canou (1989) has shown that for a displacement range of .01 to
1.0 mm/min the monotonic liquefaction resistance is 
essentially unchanged. A displacement rate of .5 mm/min was 
adopted for all monotonic triaxial liquefaction tests 
performed in this study.
Area Correction. It has been customary (Bishop and 
Henkel, 1962; Castro, 1969; Head, 1986) to correct the 
specimen cross-sectional area during a triaxial undrained test 
using the following relationship:
A = Ac/(l-ea )
where:
A = initial specimen cross-sectional area 
A0 = corrected cross-sectional area 
ea = axial strain 
The above correction was also suggested by other investigators 
(Castro, 1969) for monotonic and cyclic triaxial liquefaction 
tests. It must be pointed out that although this relationship 
was originally developed for materials with a Poisson ratio of 
0.5, it has been extensively used for undrained tests on 
sands. In this study, the above relationship was used to 
correct the deviatoric stress during undrained tests.
Correction for Membrane Rigidity. Bishop (1962), Castro 
(1969), among others, have proposed the following correction 
to the applied deviatoric stress to take into account the 
membrane rigidity:
Aod = 4 M ea (l-ea) / D
where:
M = modulus of the membrane per unit width 
D = initial specimen diameter 
A value of M ranging from 0.21 to 0.32 kg/cm has been used in 
other investigations (Castro, 1969). For the tests performed 
in this study, an average value of 0.26 kg/cm was used for the 
modulus M.
Correction for Membrane Penetration. A net inward 
pressure acts at the outer surface (perimeter) of a specimen 
during various stages of any static or cyclic undrained
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triaxial tests. In case of granular non-cohesive soils, such 
as sands or silty sands, this net inward pressure could cause 
the membrane to penetrate into the specimen thereby changing 
the system compliance, which in turn affects the precision of 
the test results.
Several investigators (Newland and Allely, 1959; Frydman 
et al.', 1973; Lade and Hernandez, 1977; Wu and Chang, 1982; 
Kramer, 1985, and others) have studied the effect of membrane 
penetration on results of undrained triaxial test, and 
proposed various correction schemes.
Recently, Sladen et al. (1985) have presented a review of
several of these correction procedures. They showed that the 
membrane penetration effect increases logarithmically with 
increasing mean grain size, D50, of a soil. Moreover, they 
showed that for granular soils with D50 less than 0.60 mm 
membrane penetration is practicaly negligible. Therefore, for 
the HRD sand with D50=0.13 mm no membrane penetration 
correction would be necessary.
Effect of Testing Variables: A Parametric Study
In order to evaluate the effect of consolidation pressure 
and relative density on the monotonic liquefaction resistance 
of the HRD sand, a testing program was carried out involving 
9 tests. The results of these tests are presented and 
discussed in the following section.
Effect of Relative Density. As shown in table 1 in 
chapter 3, the in-situ relative density and effective
overburden pressure for the HRd sand were about 20% and 10 
psi, respectively. In order to determine the effect of 
relative density on the monotonic liquefaction resistance of 
the HRD sand, 5 tests were performed on the specimens prepared 
under an initial consolidation pressure (o'c ) of 10 psi and 
relative density (Dr ) values of 10, 20, 30, 40, and 50%. For 
each test the stress deviator, (o1-o3), and generated excess 
pore water pressure measured during the test are plotted as a 
function of the axial strain, ea . The results of theses tests 
are shown in figures 9 and 10. The results of each test, 
plotted seperately, are presented in Appendix B.
Interpretation of The Test Results. Figures 9 and 10 
illustrate the effect of the relative density on the 
deviatoric stress and excess pore pressure response of the HRD 
sand specimens during monotonic triaxial tests. As shown in 
figure 9, for the sample with a relative density of 10% the 
deviatoric stress rapidly increases to a maximum of about 4.2 
psi at a low axial strain of about 1% and thereafter decreases 
to a very small, almost zero, value. The corresponding excess 
pore pressure response curve for this test, shown in figure 10 
indicates that at the peak deviatoric stress the excess pore 
pressure has not reached the consolidation of 10 psi, and in 
fact attains a value of about 8.50 psi. This observation 
confirms those previously reported by ohter investigstors 
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Figure 9. Effect of Relative Density on the Deviatoric 
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Figure 10. Effect of Relative Density on the Excess Pore 
Water Pressure During Monotonic Triaxial Tests
Figure 9 also indicates that the maximum deviatoric 
stress reached during the test increases with an increase in 
the relative density of the specimen. However, the axial 
strain corresponding to the peak deviatoric stress does not 
significantly change, and in fact it only reaches a value of 
about 1.5%, for specimens with Dt values of 30 and 40%. As 
indicated in figure 9, the change in relative density also 
affects the residual deviatoric stress, that is the deviatoric 
stress value at large strain. For instance, an increase in 
relative density from 20 to 30% increases the residual
deviatoric stress by about 1.70 psi.
Perhaps the most significant observation to be made from 
the results shown in figures 9 and 10 is the change in
material response from contracting (i.e. liquefiable) to 
dilating or nonliquefiable. As the specimen relative density 
increases to 30% and higher the post-peak softening, or
decrease in deviatoric stress, gradually disappears. At the
40% relative density there is essentially no post-peak
softening, and the specimen prepared at 50% shows a 
significant increase in the deviatoric stress starting at an 
axial strain of about 4%. The change in the material response 
from contracting to dilating can be further explained through 
the excess pore pressure response curves. The specimen
prepared to a relative density of 10% represents the most 
liquefiable state among the five specimens tested. The excess
pore pressure for this specimen reached the maximum value of
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the consolidation pressure, or 10 psi, indicating a condition 
of zero effective stress. On the other hand, the excess pore 
pressure for the specimens prepared to relative densities of 
20 and 30% are continuously increasing until a certain axial 
strain is reached and then remain constant. It is important to 
notice that the maximum value of excess pore pressure reached 
for the specimens prepared to 10, 20, and 30% relative
densities decreased with an increase in the specimen relative 
density. This clearly indicates that an increase in the 
relative density increases the soil resistance to 
liquefaction. As the specimen relative density is further 
increased to 40 and 50%, the material response drastically 
changes, in fact the excess pore pressure decreases beyond a 
certain axial strain as the material response changes from 
liquefiable to nonliquefiable.
Determination of the Steady-state Line. As discussed in 
chapter 2, the steady-state line approach is presently used 
almost exclusively to determine the triaxial monotonic 
liquefaction potential of soils. Figure 11 illustrates the 
steady-state line for the HRD sand. The open and filled 
circles represent, respectively, the initial and failure 
states in terms of the specimen void ratio, e, and the average 
effective stress, P ' = (a 'x+o'3)/2 . The monotonic liquefaction 
potential of soils has been defined to be a function of the 
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Figure 11. The Steady-state Line for the HRD Sand 
Obtained From Triaxial Tests
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Lp = (P'i-P’t )/P't ..........  Canou (1989)
Lp = (o'3i- a ’3£)/o'3£ ..........  Casagrande (1976)
where P' and o'3 represent, respectively, the average and 
minor effective principal stresses, and subscripts i and f 
refer to the initial and failure states of a specimen, 
respectively.
As can be seen in figure 11, the specimen with a relative 
density of 10% has the highest liquefaction potential among 
the five specimens tested.
Effective Stress Paths. The concept of effective stress 
path (ESP) is used extensively in geotechnical engineering to 
study the stress states to which a soil is subjected during a 
particular loading event in field or in laboaratory. Figure 12 
illustrates the effective stress paths for the five monotonic 
tests discussed earlier in this section. The coordinate axes 
in this figure are defined as the average stresses 
P ' = (c + o ' 3 )/2 and q=(o\ - a '3 )/2, which are measured 
throughout the test.
As illustrated in figure 12, the specimen relative 
density highly affects the obtained effective stress paths. 
The ESP for the highly liquefiable specimens with relative 
densities of 10 and 20% indicate that both P' and q decrease 
substantially toward failure, becoming almost equal to zero in 
case of the specimen at 10% relative density. However, as the 






Figure 12. Effect of Relative Density on the Effective Stress 
Paths Obtained From Monotonic Triaxial Tests
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and the decrease in the value of P ' is not as large. In fact, 
for the specimens prepared to relative densities of 40 and 
50%, the value of P ’ actually starts to increase as the 
failure is approached. The five effective stress paths, shown 
in figure 12, define a unique failure envelope marked by the 
solid straight line passing through the failure points.
Effect of Consolidation Pressure. In order to determine 
the effect of consolidation pressure on the monotonic 
liquefaction resistance of the HRD sand, 4 tests were 
performed on the specimens prepared to a relative density (Dr ) 
of 20% and consolidation pressure (o'c ) values of 10, 20, 30, 
and 40 psi. For each test the stress deviator, (ox -o2 ), and 
generated excess pore water pressure measured during the test 
are plotted as a function of the axial strain, ea . The results 
of these tests are shown in figures 13 and 14. The results for 
each test, plotted separately, are presented in Appendix B.
Interpretation of the Test Results. Figures 13 and 14 
illustrate the effect of the consolidation pressure on the 
deviatoric stress and excess pore pressure response of the HRD 
sand specimens during monotonic triaxial tests. As shown in 
figure 13, for each specimen the deviatoric stress rapidly 
increases to a maximum value at a low axial strain of about 1% 
and thereafter decreases to a much lower value. The 
corresponding excess pore pressure response curves for these 
tests, shown in figure 14, indicate that for none of these 
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Figure 14. Effect of Confining Pressure on the Excess Pore 
Water Pressure During Monotonic Triaxial Tests
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reaches a value equal equal to the corresponding consolidation 
pressure. This observation has been previously reported by 
ohter investigators (Canou, 1989; Kramer, 1985).
Figure 13 also indicates that the maximum (peak) 
deviatoric stress reached during the test increases with an 
increase in the consolidation pressure of the specimen. 
However, the axial strain corresponding to the peak deviatoric 
stress does not significantly change. As indicated in this 
figure, the change in consolidation pressure also affects the 
residual deviatoric stress, that is the deviatoric stress 
value at large strain. For instance, an increase in o'c from 
20 to 30 psi increases the residual deviatoric stress by about 
2.50 psi.
It is important to notice that under a low relative 
density of 20%, even application of a high confining pressure 
of 40 psi will not prevent the specimen from undergoing 
monotonic liquefaction. On the other hand, as discussed above, 
under a confining pressure of 10 psi, an increase in the 
relative density to about 50% will be sufficient to prevent 
monotonic liquefaction. These observations are of high 
practical relevance as far as the in-situ liquefaction 
susceptibility of the HRD sand is concerned. They seem to 
suggest that for the HRD sand, with in-situ overburden 
pressure and relative density of 50 psi and 20%, respectively, 
an in-situ densification method would be a much more efficient 
means of reducing the liquefaction risks.
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Effective Stress Paths and Collapse Surface. The concept 
of effective stress path (ESP) is used extensively in 
geotechnical engineering to study the stress states to which 
a soil is subjected during a particular loading event in field 
or in laboratory. Figure 15 illustrates the effective stress 
paths for the four monotonic tests discussed earlier in this 
section. The coordinate axes in this figure are defined as the 
average effective stresses P' = ( a \  +o’3 )/2 and q=(c \ - a *3 )/2 , 
which are monitored throughout the test.
As expected, under a constant relative density of 20%, 
the obtained effective stress paths shown in figure 15 are 
geometrically similar indicating that this soil response is 
independent of the applied confining pressure.
As discussed in chapter 2, Sladen et al. (1985) have
discussed the use of the collapse surface concept in 
determining monotonic liquefaction potential of sandy soils. 
In figure 15, the collapse surface is shown as the soild 
straight line connecting the points of maximum q on each ESP 
and passing through their commom intersection point, P, on the 
failure line.
4.2 Cyclic Triaxial Liquefaction Tests
The purpose of these tests were to: (a) determine the
effect of testing variables, specifically consolidation 
pressure and relative density, on the cyclic liquefaction 
resistance of the HRD sand, and (b) provide, along with static 
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Figure 15. Effect of Confining Pressure on the Effective 
Stress Paths From Monotonic Triaxial Tests
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studying mechanisms of monotonic versus cyclic liquefaction.
Testing Equipment. To perform the cyclic liquefaction 
tests, a closed loop servo-hydraulic system manufactured by 
MTS, Inc. was used. The system included two basic parts: a
main unit including the triaxial load frame, triaxial cell, 
and accessories, and a subsystem including the specially 
designed and constructed hollow cylinder cell along with the 
lateral pressure application system, developed for the purpose 
of the cavity expansion tests. The triaxial unit consisted of 
a hydraulically operated loading frame with a maximum axial 
load capacity of 22 kips, a plexiglass triaxial cell allowing 
for specimen sizes up to 5 inches in diameter (10 inches in 
height) and a maximum confining pressure of 300 psi, and the 
instrumentation including a dynamic rated force transducer, a 
LVDT, and a pore pressure transducer.
The hollow cylinder cell subsystem will be discussed in 
a later chapter.
Data Requisition and Control. The data acquisition 
hardware included a high performance 12 channel, 16 bit A/D 
board manufactured by Data Translation, Inc., a signal 
conditioning / amplifying interface, and an IBM PS/2 computer 
with a model 80286 (AT Compatible) Intel microprocessor 
equipped with a math co-processor to speed up the digital 
operations. The software used was Labtech Notebook Release 
4.30 developed by the Cyber Research, Inc. This software
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allows a real-time access to the experimental data which 
permits on-screen observation of the experimental results.
Specimen Compaction, Saturation, and Preparation. The 
same procedures described in section 4.1, in the case of 
monotonic triaxial liquefaction tests, were used.
Loading Frequency. Townsend (1978) has reported a review 
of several investigations indicating that for a loading 
frequency range of .1 to 1 Hz, the change in the liquefaction 
resistance is less than 10%. Therefore, for the purpose of 
this study a frequency of 1 Hz was used in all cyclic 
liquefaction tests.
Loading Wave Form. Townsend (1978) has reported a review 
of several investigations indicating that the form of the 
loading wave (i.e. ramp, sinusoidal, rectangular, etc.) has 
virtually no effect on the cyclic shear strength of sands. 
Therefore, a sinusoidal loading wave, with a frequency of 1 
Hz, was used in all cyclic liquefaction tests in this study.
Applied Cyclic Stress Ratio. In order to establish a 
realistic correlation between laboratory and in-situ 
liquefaction resistance of a soil, it would be necessary to 
subject the laboratory specimens to the field loading 
conditions. However, as discussed in chapter 2, this is 
difficult to achieve because: (a) the actual earthquake load 
is a transient, non-periodic stress wave which cannot be 
easily reproduced in the laboratory, (b) the laboratory 
specimens are not true representative of the actual field
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conditions. A significant source of uncertainty in trying to 
establish laboratory-field liquefaction resistance 
correlations, for a given soil, is the means by which the 
laboratory applied cyclic stress ratio is determined. In the 
field, as discussed in chapter 3, this value is estimated 
using the semi-empirical procedure proposed by Seed and Idriss 
(1970). Determination of the appropriate cyclic stress ratio 
for the 1aboratory specimens, however, is not a straight 
forward task. It is well established that laboratory tests on 
reconstituted specimens underestimate the liquefaction 
resistance. The in-situ liquefaction resistance is normaly 
much higher than that measured in laboratory due to 
cementation and aging effects (Seed, 1976; Rad and Clough, 
1984). Therefore, a certain amount of engineering judgement is 
required to decide the value of the applied cyclic stress 
ratio for laboratory tests. At the Heber Road site, as 
discussed in chapter 3, the average cyclic stress ratio for an 
earthquake of magnitude 6.5 M was conservatively estimated to 
be about 0.50. However, other investigations at the Imperial 
Valley sites (Holzer et al . , 1989) have revealed that the
actual in-situ cyclic stress ratio could be much lower, and 
that for the purpose of laboratory tests on reconstituted 
specimens cyclic stress ratios between 0.20 to 0.30 may be 
more appropriate. Thus, for the purpose of triaxial cyclic 
liquefaction tests performed in this study, a cyclic stress 
ratio of 0.20 was adopted.
Effect of Testing Variables: A Parametric Study
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In order to determine the effect of relative density and 
consolidation pressure on the cyclic liquefaction potential of
the HRD sand a series of 9 tests were performed. The test
)
results are presented and discussed in the following sections.
Effect of Relative Density. In order to determine the 
effect of the relative density (Dr) on the cyclic liquefaction 
resistance of the HRD sand, a series of 5 tests were performed 
on the specimens prepared at relative densities of 20, 30, 40, 
50, and 80% consolidated under a pressure of 10 psi.
Interpretation of The Test Results. For each test, the 
excess pore pressure and the axial strain developed during the 
test were directly monitored using a LVDT and a pressure 
transducer, respectively. Furthermore, the data acquisition 16 
channel board was programmed to calculate the major and minor 
effective principal stresses (o^ and o'3 ) throughout the 
test, so that the effective stress path (q-p' diagram) are 
obtained for each test. The values of were calculated by
measuring the axial force, using the fatigue rated load cell, 
dividing that by the corrected specimen cross-sectional area, 
and subtracting from that the measured excess pore pressure. 
The o'3 values were simply determined by subtracting the 
excess pore pressure generated during the test from the total 
confining pressure, o3 , which was maintained constant during 
the test.
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The test results for the specimens with relative 
densities of 20 to 50 are presented in Appendix C. These 
results clearly indicate that as the specimen relative density 
is increased, the rate at which the generated excess pore 
pressure and axial strain develop decrease.
Figure 16 illustrate the number of stress cycles, at 1 Hz 
frequency, required to liquefy specimens of the HRD sand 
prepared under relative densities of 20, 30, 40, and 50%. It 
is clearly indicated that an increase in the relative density 
results in a denser specimen which is more resistant to 
liquefaction. In order to further investigate this 
observation, a test was performed on a specimen prepared to 
80% relative density and 10 psi consolidation pressure. The 
test results shown in figures 17 through 19 indicate very 
significant changes in the soil response. The rate of 
generation of the excess pore pressure decreases after about 
330 seconds and the value of the excess pore pressure attains 
a constant value of about 4.5 psi after about 410 seconds. 
This phenomenon, as discussed in chapter 2, is referred to as 
cyclic mobility. As the axial strain response indicates 
further stress cycles could induce limited axial strains but 
no excess pore pressure. Therefore, a complete liquefaction or 
flow will not take place.
Effect of Consolidation Pressure. In order to determine 
the effect of the consolidation pressure (o'c) on the cyclic 




















Figure 16. Effect of Relative Density on Cyclic Liquefaction 
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were performed on the specimens prepared at a relative density 
of 20% consolidated under effective pressures of 10, 20, 30, 
and 40 psi.
Interpretation of the Test Results. For each test, the 
excess pore pressure and the axial strain developed during the 
test were directly monitored using a LVDT and a pressure 
transducer, respectively. Furthermore, the 16 channel data 
acquisition board was programmed to calculate the major and 
minor effective principal stresses and o'3 ) throughout
the test, so that the effective stress path (q-p' diagram) are 
obtained for each test. The values of were calculated by
measuring the axial force, using the fatigue rated load cell, 
dividing that by the corrected specimen cross-sectional area, 
and subtracting from that the measured excess pore pressure. 
The o'3 values were simply determined by subtracting the 
excess pore pressure generated during the test from the total 
confining pressure, o3 , which was maintained constant during 
the test.
The test results are presented in Appendix C. These 
results clearly indicate that as the consolidation pressure is 
increased, the rate at which the generated excess pore 
pressure and axial strain develop decrease.
Figure 20 illustrate the number of stress cycles, at 1 Hz 
frequency, required to liquefy specimens of the HRD sand 
prepared under consolidation pressures of 10, 20, 30, and 40 
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consolidation pressure results in an increase in the specimen 
resistance to liquefaction.
4.3 Relationship Between Monotonic and Cyclic Liquefaction
As pointed out earlier, the two existing schools of 
thought regarding liquefaction assume monotonic and cyclic 
liquefaction to be two fundamentally independent and unrelated 
phenomena. Initial liquefaction is believed to be induced 
when, under cyclic loading, the generated excess pore pressure 
becomes equal to the confining pressure. On the other hand, 
monotonic liquefaction is considered to occur when the driving 
shear stresses exceed the steady-state shear strength of the 
soil.
In order to investigate possible relationships between 
monotonic and cyclic liquefaction, the effective stress paths 
obtained from various static and cyclic tests were examined. 
Figure 21 illustrates the effective stress paths obtained from 
static and cyclic triaxial tests on specimens with relative 
density of 20% and consolidation pressure of 30 psi. The 
hatched line shown in this figure, passing through the peak 
point of the static ESP, has been called the critical stress 
ratio (CSR) line (Ishihara et al., 1975; Vaid and Chern, 1983; 
Ishihara, 1985). According to theses authors, the CSR line 
represents the onset of the contractive response, in other 
terms limited initial liquefaction. The excess pore pressure 
starts to rise largely once the soil state reaches the CSR 
line. The soil would then undergo initial or limited
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liquefaction which could ultimetely result in complete 
liquefaction or collapse.
It has to be pointed out that the critical stress ratio 
line is different from the failure (steady-state) line which 
is represented by the linear portion of the monotonic 
effective stress path.
Comparisons between the effective stress paths obtained 
for monotonic and cyclic triaxial tests under different 
confining pressures were established. These results are 
presented in Appendix C. The tests performed under confining 
pressures of 30 and 40 psi confirm the existence of a CSR line 
which is clearly distinct from the failure line. However, this 
observation is not completely verified by the results obtained 
from the other two tests, that is for consolidation pressures 
of 10 and 20 psi. One possible explanation could be that under 
a relative density of 20%, a low confining pressure, such as 
10 to 20 psi, produces a specimen which is highly liquefiable. 
For a specimen with such initial conditions it would be 
extremely difficult to distinguish a transformation of state 
from limited liquefaction to collapse.
Chapter 5
DEVELOPMENT OF AN EQUIPMENT AND NEW TESTING PROCEDURES FOR 
EVALUATION OF STATIC AND CYCL’C LIQUEFACTION 
RESISTANCE OF SANDS
As discussed in chapter 1, one of the objectives of this 
study was to try to evaluate the effect of the laboratory 
applied stress path on static and cyclic liquefaction 
resistance of the HRD sand. In order to achieve this 
objective, a hollow cylinder cell equipment, which allows 
perfoming static and cyclic cavity expansion tests, was 
designed, fabricated and calibrated. Furthermore, a new 
interpretation procedure for static cavity expansion test 
results was developed and verified. This procedure was then 
used to defined the cyclic stress ratio for the cyclic cavity 
expansion tests.
This chapter presents detailed descriptions of the 
apparatus, the new test interpretation procedure and its 
verification, and new definition of the cyclic stress ratio 
for cyclic hollow cylinder cell tests.
5.1 Hollow Cylinder Cell Test: An Overview
Among the in-situ testing technique presently available, 
pressuremeter (PMT) and dilatometer (DMT) tests are used 
increasingly in determining the engineering properties of in- 
situ soils. One of the major advantages of these tests over 
other available in-situ techniques, such as SPT and CPT, is 
the well defined stress path to which the soil is subjected,
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that of an expanding cavity.
The interpretation procedures for PMT and DMT tests have 
been based on the theories of cylindrical or spherical cavity 
expansion. Therefore, in order to study the soil response to 
cavity expansion a number of investigators (Schwab and 
Dormieux, 1985; Juran and Beech, 1986; Juran and BenSaid, 
1987) have developed hollow cylinder cell (HCC) equipment. As 
shown in figure 22, use of a HCC equipment allows application 
of three independent stresses, axial stress, lateral confining 
stress, and radial cavity pressure, to annular soil specimens. 
During the test, the cavity pressure, cavity volume change, 
and excess pore pressure or soi1 volume change are monitored.
A major consideration in the design of the hoi low 
cylinder cel 1 equipment is usually minimizing the boundary 
condition effect. In order to achieve this objective, one 
needs to determine the effect of the internal to external 
diameter ratio on the observed soi1 response, specifically the 
obtained effective stresses. This in turn requires an 
appropriate test interpretation procedure and the use of a 
realistic soil model.
The available interpretation procedures for cavity 
expansion, or PMT, tests on soils have involved use of 
numerical methods (Carter et al . , 197 9; Banerjee and
Fathallah, 197 9; Nahra and Frank, 1985; Nahra, 1985; Baguelin 
et al., 1986; Lassoudiere and Zanier, 1986) and analytical
solutions based on different soil models (Gibson and Anderson,
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1961; Ladanyi, 1963; Baguelin et al., 1972, 1978; Palmer,
1972; Vesic, 1972; Wroth and Windle, 1975; Prevost and Hoeg, 
1975; Denby and Clough, 1980; Jewel 1 et al. , 1980; Fahey,
1986; Juran and Beech, 1986).
Hughes et al. (1977), Wroth (1982), and Robertson and
Hughes (1986) have proposed closed form solutions to determine 
the dilatancy properties and peak plane strain friction angle 
of sands. These solutions assume that sands are 1inearly 
elastic-perfectly plastic and the plastic flow is defined by 
a constant rate of dilation. In these analyses, the stress 
ratio-dilatancy relationship proposed by Rowe (1962) is used 
to define the dilatancy angle, and an independent 
determination of the constant volume friction angle (<|>cv ) is 
required. The main drawback of these analyses lies in the 
assumed soil model for sands. It has 1 ong been recognized that 
dense sands undergo initial contraction and strain hardening 
prior to the peak principal stress ratio fol1 owed by a post­
peak strain softening. At the peak principal stress ratio, the 
volume change is approximately proportional to the shear 
strain and the dilatancy rate attains its maximum. However, at 
larger strains the sand wi11 approach the critical state, or 
plastic flow under constant volume. Therefore, the dilatancy 
angle of the sand depends not only on its relative density but 
also on the strain path and on the shear strain level. The 
post-peak strain softening can significantly affect the 
response of the in-situ soil to cavity expansion. Hence, the
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assumption of a rigid plastic behavior associated with a 
constant dilation rate made by Hughes et al. (1977), Worth 
(1982), and Robertson and Hughes (1986) appears to be too 
restrictive for a rational interpretation of the pressuremeter 
test. Moreover, the interpretation procedure proposed by these 
authors cannot be used to derive the volume change properties 
and shear strength characteristics of loose sands which 
undergo contraction during shearing, except under extremely 
low confining stresses. In addition, as a limit state of 
stress is assumed in this analysis, the low stress level 
engineering properties of sands, such as shear modulus, cannot 
be obtained.
In order to address the need for a more adequate 
interpretation procedure, a new approach is proposed which 
permits the determination of the shear strength 
characteristics, dilatancy properties, and shear modulus of 
sands from the analysis of pressuremeter test results. A 
relatively simple soil model has been developed which takes 
into account the contracting / dilating behavior of the soil 
during cavity expansion. The soil is assumed to be an elasto- 
plastic material with a non-associated f1ow rule.
5.2 The Proposed Interpretation Procedure
In this section an analytical procedure for the 
interpretation of cavity expansion tests (CET), or PMT tests, 
in sands is proposed. The procedure is based on a rheological 
model developed by Juran and Beech (1986) considering the soil
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as a homogeneous, isotropic, and strain hardening elasto- 
plastic material with a non-associated flow rule. In this 
model elastic strains during shearing are neglected, and the 
following constitutive equations are considered:
Yield function. A Mohr-Coulomb type yield criterion is 
considered:
F(Oi j ,y) = t/s' - h(y) = 0 (1)
where oi j is the stress tensor, t = ( a \  - o'3 )/2 is the
deviatoric stress, s' = ( o '  l + o'3 )/2 is the average effective 
stress, o ’x and o'3 are, respectively, the major and minor 
effective principal stresses, and h(y) is the strain hardening 
function relating the actual yield surface to the current 
strain state. The strain hardening and the post-peak strain 
softening are assumed to be isotropic with the deviatoric 
strain (y = ex - e3) being the hardening parameter.
For 1oose contracting sands, a hyperbolic strain 
hardening function, of the type proposed by Kondner (1963), 
with two material constants is used:
h(y) = y / (a + by) (2)
For triaxial test: a = o0/G; b = 1/sin <j>Cv where o0 is the 
consolidation pressure, G is the initial shear modulus, and 
<J>Cv is the constant volume (or critical state) friction angle 
of the sand.
For dense dilating sands, it is assumed that the
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hardening function h(y) is parabolic and can be written as:
h(y) = cy(y - a) / (y + b)2 (3)
where the constants a, b and c are determined from the 
following conditions (Figure 23): (1) the initial tangent
modulus of the h(y) function is equal to G/o0 , (2) at peak 
stress ratio, h(y) = sin 4>'/ and (3) at the critical state, 
h(y) = sin <j>cv , these conditions yield:
c = sin <|>cv
with r = 1 + [1 - (sin <|>cv/sin <t>')]1/2 .
Plastic potential function. The following linear stress- 
dilatancy relation (Nova, 1979) is considered:
a = - 4(o0/G) [sin2 4>' • r2 )]/sin 4>cv 
b = 2(o0/G) [sin <f>’ • T] (4)
t| = sin v = devp = (l/uB ). [sin<|>cv - t/s’] (5)
where:
devp = plastic volumetric strain increment 
dyp = plastic deviatoric strain increment 
v = dilation angle 
and u, is a correction modulus defined as:
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Figure 23. Constitutive Soil Model (Juran and Beech, 1986)
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=
rUi when t/s' < sin <j>c v ; contracting behavior
U2 when t/s' > sin «j>Cv ’> dilating behavior
Anon-associated plastic potential function Q(t,s') = 0 can be 
derived, assuming coincidence of principal axes of stresses 
and plastic strain increments.
Figures 23(a) through 23(c) show schematically the strain
hardening function, h(y), the associated volumetric strain
response, and the corresponding stress ratio-dilatancy rate 
function f|(t/s') for both contracting (loose) and dilating 
(dense) sands. The maximum plastic dilatancy rate * =
max(d£v/dy) is approximately equal to the slope of the 
volumetric strain-shear strain curve at the peak of the h(y) 
function, whereas the dilatancy rate at the critical state is 
equal to zero.
The proposed soil model requires five parameters: G/o0 , 
4>\ «f>cv / and u2 which, as illustrated in figures 23(a) and 
23(c), can be determined from the analysis of conventional 
triaxial test results. It should be pointed out that these 
sand characteristics are dependent on the applied confining 
pressure and initial relative density. Therefore, average 
characteristics of a sand compacted to a given relative 
density are used to represent its behavior in each specified 
range of confining stresses.
Using this soi 1 model, a procedure for the interpretation 
of pressuremeter tests in sands is proposed. This procedure is
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derived from the solution to the cylindrical (plane strain) 
cavity expansion through the analysis of compatibility and 
radial equilibrium conditions.
For a cylindrical cavity expansion, current strains are 
given by:
er = - dx/dr ; ee = X/r ; e8 = 0 (6)
where er , e8 , and e, are the radial, circumferential, and
vertical principal strains, respectively, and X is the radial 
displacement.
For the purpose of this analysis, the ratio of the
volumetric strain (ev = et + e8 + es ) to the deviatoric strain 
(y = er - ee) is defined by the parameter N:
N = sin f = ev/y (7)
Hence,
et/e8 = - (1 + sin f) / (1 - sin *) (8)
and
dy = - 2dee / (1 - sin v) (9)
The parameter N can be related to the dilation angle (v) as:
sin v = sin f + y • d (sin f)/3y (10)
The compatibility condition implies: 
er = ee + r .(dsQ/dr) (11)
Substituting relation (8) into equation (11) yields:
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8e0/dr = - (1/r). (2e0 /1-sin f) (12)
The radial equilibrium equation can be expressed as:
8oc/8p + (or-o0)/p = 0 (13)
where p is the actual radius (Eulerian coordinate), and or and 
oe are, respectively, the radial and circumferential stresses.
Combining equations (12) and (13), the shear curve can be 
incrementally derived as:
t = (ot -oe )/2 = (8os/8e0 ). (e0 /1-sin f ) . (p/r). (dr/dp)
= (8oc/8e0 ). (e0/1-sin f ) . (l+e0/l-e0 ) (14)
This expression is independent of any assumption regarding the 
constitutive equation of the soil.
At the cavity facing the radial stress, or , is equal to 
the applied cavity pressure, oc . The average effective stress 
at the cavity facing is given by:
s ’ = (p0 + Aoc ) - t - Au (15)
where Au is the excess pore water pressure generated during 
the expansion and p0 is the initial cavity pressure 
corresponding to the at-rest stress state in the in-situ soil.
It should be mentioned that the constitutive equations of 
the soil (i.e. the yield function, t/s' = h(y)/ and the stress 
ratio-dilatancy relationship, dev p/dyp = t|(y)) are intrinsic 
and are therefore independent of the applied boundary 
conditions.
To simulate a cavity expansion test, the following
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incremental procedure is used:
1. For a specified increment of displacement x at the 
cavity facing, the dilation angle (v) is calculated 
from equation (5), and the deviatoric strain 
increment (dy) is determined from equation (9).
2. The strain ratio (N) is determined using equation 
(7).
3. The deviatoric stress (t) and the average effective 
stress (s') are calculated from equations (14) and 
(15), respectively.
Both the shear curve and the effective stress path at the 
cavity facing can therefore be incrementally obtained using 
this procedure.
5.3 Verification of the Proposed Interpretation Procedure
In order to evaluate the proposed intererpretation 
procedure, it was used to simulate the results of cavity 
expansion tests (CET) on Fontainbleau sand reported by BenSaid 
(1986). Figure 24(a) shows typical results of an undrained 
expansion test including an expansion curve and measured 
excess pore water pressures within the specimen. The vertical 
displacements measured during the tests were reported to be 
very small illustrating a plane strain expansion.
The mechanical properties of the Fontainbleau sand were 
obtained from the analysis of consolidated drained triaxial 
test results reported by Habib and Luong (1979). Figures 
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Figure 24. (a) Typical Results of An Undrained HCC Test 
(b) Derivation of Model Parameters by the
Hyperbolic Transformation (Kondner, 1963)
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[ t/s' = h(Y)3 and the volumetric versus deviatoric strain 
curves [ev = f(y)] obtained under confining pressures of o0 = 
100, 300 and 600 kPa. They illustrate the effect of confining 
pressure on the peak shear strength characteristics and volume 
change properties of this sand. Figure 25(c) shows that in 
spite of significant differences in volume changes measured in 
these three tests, the confining pressure has a rather minor 
effect on the stress ratio-dilatancy relationship T)(t/s) which 
can be approximately represented by a bilinear curve with a 
contractancy modulus pL, and a dilatancy modulus p2 • The 
experimental curves are compared with numerical simulations 
using the proposed soil model with the following mechanical 
properties:
for 0q = 300 kPa: G/o0 = 60, <j>' = 39.5°, 4>cv = 32.5° ,
Uj = 2, u2 =0.85 
for o0 = 600 kPa: G/o0 = 60, «§>' = 37°, <|>cv = 32.5°,
Pi = 1.7, p2 = 1.0
As shown in figure 25, the model predictions agree fairly well 
with the experimental results. For the sake of analysis, the 
fol1 owing average soi1 properties are considered:
G/Oq = 60, <|>' = 38.5° , «f>cv = 32.5°, px = 1.8, p2 = 0.9
The hoi low cylinder cel Is with internal to external 
radius ratios, r0/R, of 1/5 and 1/10 were used in these tests 
in order to evaluate the effect of the boundary conditions on 
the constitutive equations of the sand. The test variables are 




































Table 3. The Parameters Used for the Numerical Simulation
of the Cavity Expansion Tests
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Ill
Numerical Simulation of CET Results. Figure 26 
illustrates the results of the cavity expansion tests reported 
by BenSaid (1986). Derivation of the stress-strain curves 
using the proposed interpretation procedure requires 
incremental deter-mination of the slope of the expansion 
curve; d ( a c  - p0)/3e0 . The accuracy of this derivation process 
was found to be highly dependent upon the data selection and 
input procedures. In order to minimize the effect of the data 
input procedure on the derived soil properties, an 
extrapolation function of the type proposed by Kondner (1963) 
was considered:
oc - p0 = e0 / (a+be8) (16)
where:
a = 0(oc - po )/0ee as e0-*O 
is the initial tangent of the expansion curve, and
1/b = (oc - p0 ) as ee-co
is the limit cavity pressure, pL .
As shown in figure 24(b), these two constants can be 
determined from a linear regression analysis of the 
experimental data, presented as:
1/(oc - p0) = a.(l/e0 ) + b (17)
Alternatively, values of a and b can be determined as follows:
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Figure 26. The Cavity Expansion Test Results (BenSaid, 1986)
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initial stage of expansion, soil response is linear elastic. 
Hence: a = p0/G, where G is the shear modulus.
(2) Determination of b - It is assumed that at failure, 
the sand is at a limit state of stress defined by the Mohr- 
Coulomb failure criterion. Hence,
ot/o8 = K. = (1 - sin «f»’)/ (1 + sin #') (18)
Substituting equation (18) into the radial equilibrium 
equation (13), the expression for the limit cavity pressure is 
obtained as:
PL = P0 -[(R/r0 )1_K0 - 1] = 1/b (19)
where R is the external specimen radius and r0 is the internal 
cavity radius.
It should be pointed out that equation (19) requires a 
pre-estimation of the peak friction angle «j>' and provides only 
a preliminary estimate of the b value. This equation is 
derived assuming a rigid plastic behavior and therefore the 
post-peak strain softening of the sand is neglected. This 
leads to an overestimation of the limit cavity pressure, PL .
The two procedures described above were used to obtain 
the range of probable values for the a and b parameters. A 
curve fitting procedure was then used to select the most 
appropriate values for the purpose of analysis. The parameters 
obtained by each procedure and the selected values are 
summarized in Table 3.
Figures 27(a) and 27(b) i1lustrate a comparison between
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the stress-strain-volume change response curves of the sand 
derived from triaxial and cavity expansion tests conducted 
under confining pressures of o0 = 100 kPa and P0 = 120 kPa. 
Figures 27(c) and 27(d) show a similar comparison for the 
tests conducted under o0 = 300 kPa and P0 = 270 kPa.
It should be pointed out that triaxial tests on dense 
sands generally yield a dilatancy modulus (u2 ) of about 1.0 
(Baldi and Nova, 1981; Nova, 1982). The value of the 
contractancy modulus (pij ) is more difficult to determine. 
Therefore, in order to assess the effect of the latter 
parameter on the derived soil properties, the numerical 
simulations were conducted with l/jij values of 0 and 1. These 
simulations showed that the value has a relatively smal 1 
effect on the values of the peak friction and dilation angles. 
Variation of l/ux from 0 to 1 results in an increase of of 
about 4 4 and an increase in v of about 3°. Furthermore, 
variation of u2 within this range has practical ly no effect on 
the value of the normalized shear modulus (G/P0). Based on 
these observations, the value of 1/uj = .50 obtained from the 
triaxial tests (Fig. 25) was retained for the purpose of 
analyzing the cavity expansion test results.
Figures 28(a) and 28(b) illustrate the stress-strain- 
volume change response curves of the sand obtained from the 
analysis of the four cavity expansion tests described in 
Table 3. These results indicate that the sand properties 
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for the Triaxial Tests with Numerical Simulations 
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Figure 28. Numerical Simulations of the Stress Ratio and 
the Volumetric Strain for the CET Tests
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maximum dilation angle, peak and residual friction angles, 
shear modulus) are not affected by the geometric boundary 
conditions, governed by the R/r0 ratio.
The engineering properties of the sand derived from these 
expansion tests are compared in figure 29 with those obtained 
from the triaxial tests. These comparisons confirm that the 
applied stress path affects the soil response thereby yielding 
different properties: the plain strain cavity expansion tests 
result in higher peak friction angle (#'), and dilation angle 
(v), as compared to the triaxial compression tests. They also 
exhibit a more pronounced post peak strain softening. These 
observations are consistent with the results reported by 
Bishop (1971) and Marachi et al. (1981) comparing the stress- 
strain response of sand specimens during plane strain and 
triaxial tests. Figure 29 shows that as the applied confining 
pressure during the expansion is increased from 120 to 
270 kPa, the peak friction angle is decreased from 48° to 44°, 
while the dilation angle is decreased from 13° to 10°. The 
triaxial tests show similar trends. It is also of interest to 
note that, as indicated in Table 3, the average normalized 
shear modulus (G/P0 = 68) value obtained from the cavity
expansion tests under P0 of 220, 170, and 120 kPa corresponds 
fairly well to that (G/o0 = 60) determined from the triaxial 
tests.
Figure 30 shows the effective stress paths at the cavity 
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Figure 30. Numerical Simulation of Effective Stress Paths 
for the Cavity Expansion Tests
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tests. The peak shear strength envelope yields a 4>,p®Sk value 
of about 46*. At larger strains, the effective stress paths 
approach the critical state failure envelope (<f>cv = 31 °).
5.4 Evaluation of The Boundary Condition Effect
As pointed out in section 5.1, above, in order to design 
the hoi low cylinder cel 1 the effect of geometric boundary 
conditions, more specifically the R/r0 ratio, on the obtained 
cavity expansion test results had to be determined. In order 
to achieve this objective, a parametric study involving both 
total and effective stress analysis procedures were performed 
(Juran and Mahmoodzadegan, 1990). For the total stress 
analysis, the procedure proposed by Baguelin et al. (1978) was 
adopted. This procedure involves assuming a unique shear 
curve, t = F(ee ), which can be determined as:
t = (l+2g0) . g0 . d(oc-P0)/dg0 (20)
where g0 ~ e0 = (-T3/3)y.
Figure 31 illustrates the comparison between predictions 
of the total stress analysis procedure proposed by Baguelin et 
al. (1978) and the effective stress procedure developed in
this study. This comparison indicates that the obtained shear 
curve by the total stress anlysis procedure is noticeably 
affected by the geometric boundary conditions, governed by the 
R/r0 ratio. On the other hand, the effective stress analysis 
interpretation procedure developed in this study provides a 
unique soil response to cavity expansion.
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Figure 31. Effect of the Boundary Conditions and the 
Analytical Procedure on the Soil Response 
in Cavity Expansion Test
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5.5 Definition of The Cyclic Stress Ratio For CET Tests
A major difficulty in evaluating the effect of the 
applied stress path on cyclic liquefaction resistance of soils 
is the appropriate definition of the applied cyclic stress 
ratio (CSR). As discussed in chapter 3, CSR has been defined 
as the ratio of the applied cyclic deviatoric stress to the 
consolidation pressure for cyclic triaxial tests. In an 
attempt to define an equivalent definition of CSR for cyclic 
simple shear tests, Peacock and Seed (1968) examined four 
alternative stress ratios: (a) the maximum ratio of the shear 
stress developed during cyclic loading to the normal stress 
during consolidation on any plane in the sample, (b) the 
maximum ratio of the change in shear stress on any plane 
during cyclic loading to the normal stress on that plane 
during consolidation, (c) the ratio of the maximum shear 
stress induced in a sample during cyclic loading to the mean 
principal stress on the sample during initial consolidation, 
and (d) the ratio of the maximum change in the shear stress on 
any plane during cyclic loading to the mean principal stress 
on the sample during consolidation. They further reported 
results of cyclic triaxial and simple shear tests, on 
specimens of Monterey sands under various initial conditions. 
These results indicated that for specimens prepared at a 
relative density of 50% and consolidations pressures of 1 to 
8 kgf/cm2 , and subjected to the same value of CSR, the cyclic 
liquefaction resistance of the triaxial test specimens were
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consistently higher than those of simple shear test. The ratio 
of the two cyclic strengths was reported to increase with 
increasing confining pressure and ranged from about 1.75 at a 
confining pressure of 1 kgf/cm2 to about 2.65 at 8 kgf/cm2 . 
Recently, for cyclic 1iquefaction tests in a cubical shear 
device, Clough et al. (1989) defined the cyclic stress ratio 
as the ratio of the maximum octahedral shear stress to the 
isotropic confining pressure, xoctj Bax/ooct .
In order to analyze the effect of the applied stress path 
on static and cyclic response liquefaction potential of the 
HRD sand, static and cyclic liquefaction tests were performed 
in triaxial and hoi 1ow cylinder cel 1 equipment. The static 
liquefaction tests were strain-controlled and no difficulty in 
the test interpretation was encountered. However, in order to 
perform the cyclic hoi low cylinder cel 1 tests, an appropriate 
definition for the applied CSR was required. To adequately 
address this issue, the foil owing methodology was adopted:
1. An effective stress analysis interpretation procedure was 
developed which allows simulation of cavity expansion and 
triaxial tests on loose or dense specimens.
2. The proposed effective stress analysis procedure was 
verified in two steps: (a) results of triaxial CD and
undrained cavity expansion tests on dense specimens of 
Fontainbleau sand were simulated (Fig. 27). These results
indicate that the stress ratio, t/s', and volume change 
response of soils are essentially stress path independent and
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can be uniquely determined using the propsed numerical 
procedure, (b) results of triaxial CD, CU, and undrained 
cavity expansion tests on specimens of a normally consolidated 
silty clay (Juran and Mahmoodzadegan, 1990) were simulated 
(Fig. 32). The results shown in figure 32 indicate that the 
proposed interpretation procedure can also be used to predict 
the response of loose soils to loading. The results shown in 
figure 32 are important not only because they illustrate the 
stress path effect on the soil response, but also because they 
establish the framework for definition of an appropriate CSR 
for cyclic cavity expansion test.
3. Figure 33 illstrates an idealized version of the results 
shown in figure 32. This schematic presentation is based on 
the principle of normalisation (Roscoe et al. , 1958; Schofield 
and Wroth, 1968), which essentially states that the effective 
stress paths for specimens with similar stress history and 
initial void rario would be geometrically similar, for CET 
tests. In order to define the CSR for cyclic cavity expansion 
tests, considering the results shown for the tests with 
P'0=20, one should recall that the applied cyclic stress ratio 
for the cyclic triaxial test is defined as qa/2P'B , where P'a 
and qa are, respectively, the mean effective and deviatoric 
stress at point A .
4. In order to define the CSR for the cyclic cavity expansion 
test under P'0=20, the coordinates of point B were calculated 
using the effective stress procedure described above. The
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Figure 33. Definition of CSR for Hollow Cylinder Cell Tests
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cyclic radial cavity pressure to be applied, ortCTC, was then 
determined from equation 15, section 5.2.
5. Using the above procedure along with the results of 
triaxial monotonic liquefaction tests (Dr=20%) presented in 
chapter 4, the cyclic cavity pressures for cavity expansion 
tests were determined:





The above values of or>cyc were used for the cyclic
hollow cylinder liquefaction tests, to be discussed in the
next chapter.
Chapter 6
USE OF HOLLOW CYLINDER CELL EQUIPMENT FOR EVALUATION 
OF STATIC AND CYCLIC LIQUEFACTION RESISTANCE 
OF THE HRD SAND
The steps involved in the development and calibration of 
the hollow cylinder cel1 (HCC) were discussed in chapter 5, 
along with a discussion of the test interpretation procedures. 
The developed HCC equipment was integrated into the MTS cyclic 
loading frame, along with a servo-controlled lateral pressure 
system, in order to perform monotonic and cyclic cavity 
expansion tests. This pressure system, fabricated by Material 
Testing Systems, Inc., allows application of monotonic or 
cyclic cavity pressure independently from the axial stress and 
cel1 (confining) pressure. Using this integrated equipment, 
monotonic and cyclic liquefaction tests were performed on 
specimens of HRD sand prepared under different initial 
conditions.
The results of hoi 1ow cylinder cel1 monotonic and cyclic 
liquefaction tests are presented in this chapter.
6.1 Monotonic HCC Liquefaction Tests
The purpose of these tests were to: (a) determine the
effect of testing variables, specifically consolidation 
pressure and relative density, on the static liquefaction 
resistance of the HRD sand as determined in the HCC equipment, 
(b) determine whether the steady-state and/or collapse surface 
concepts can be applied to the stress path conditions imposed
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by the HCC device, and (c) provide, along with the results of 
the HCC cyclic liquefaction tests, the necessary data base for 
studying mechanisms of monotonic versus cyclic liquefaction.
Sensitivity Analysis. The HCC device developed for the 
purpose of this study allows performing monotonic and cyclic 
cavity expansion tests on annular (hollow) soil specimens. Use 
of this new equipment for evaluation of static and cyclic 
liquefaction potential of the HRD sand required an evaluation 
of the reproducibility of the test results. In order to meet 
this objective, a sensitivity analysis program involving 
several static tests on specimens prepared under different 
initial conditions were carried out.
Figure 34 presents typical results of three monotonic HCC 
liquefaction tests performed on specimens of the HRD sand 
under an initial relative density of 20% and consolidation 
pressure of 10 psi.
The test results obtained during the sensitivity analysis 
program, including but not limited to those reported in figure 
34 indicated an adequate degree of reproducibi1ity.
Data Acquisition and Control. The test variables measured 
during a HCC test were described in chapter 5. The data 
acquisition system consisted of a 12 channel data 1 ogging 
unit, an A/D board and an a personal computer with a 286 
microprocessor. During the test, analog data were continuously 
sent from the instrumentation to the acquistion system. The 
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Figure 34. Reproducibility of the Monotonic Liquefaction 
Tests in the Hollow Cylinder Cell Apparatus
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into digital readings and collected and stored by the computer 
thereby minimizing human errors involved in monitoring the 
test results.
Specimen Compaction Technique. As mentioned in chapter 2, 
a standard specimen compaction technique for laboratory, 
monotonic or cyclic, liquefaction tests does not presently 
exist. The compaction technique proposed by Canou (1989), 
discussed in chapter 4, was used throughout this study.
Saturation Technique. The liquid C02 perculation and 
back-pressure saturation techniques, discussed in chapter 4, 
were used throughout this testing program.
Specimen Preparation Procedure. The specimen preparation 
procedure for hoi low cylinder cel 1 tests is quite involved and 
requires a great amount of practice. This procedure involves 
the following steps:
1. A preweighed amount of sand was mixed with distilled water 
at a proportion of 4% by weight.
2. A three-piece split mold, for 8” x 4" specimens, was 
assembled on the cel 1 base. A latex membrane 4" in diameter 
was placed inside the mold, two O-rings were placed at the top 
and bottom ends of the mold, and a vacuum of about 6 psi was 
applied to the membrane through an iniet to control the 
compaction during the specimen placement stage. A second 
membrane equal in diameter (0.4") with the internal cavity 
was placed around a 10" long rod. The lower end of the rod was 
machined down to the size of the pressure ini et for the
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application of the cavity pressure. The lower end of the 0.4" 
membrane was fixed around the stem of a bolt with the help of 
an O-ring. The stem of the bolt was drilled to allow for the 
passage of cavity pressure. The lower, machined, end of the 
rod was piaced into the drilled stem of the bolt.
3. The lower end of the 4" membrane was fixed around the lower 
end cap using two O-rings. After placing a porous stone on the 
bottom end cap, the sand was placed in layers inside the mold 
using a spatula. A great amount of care had to be taken to 
place the soi1 in the area between the mold and the rod. To 
achieve a higher specimen uniformity, a minimum of 20 layers 
were used.
4. After the specimen reached the desired height, with the 
vacuum still being applied to the membrane, the top porous 
stone and the cap were gently put in place. The upper end of 
the 4" membrane was fixed around the outer perimeter of the 
cap using two O-rings. The upper end of the 0.4" membrane was 
then placed aroung the projected area in the center of the top 
cap, and the rod was pul led out of the cavity. In order to 
cover the top cap central hole, to seal the cavity, a circular 
assembly cap was designed which was screwed onto the top end 
cap after the rod was pul led out.
5. A vacuum of about 5 psi was applied to the specimen through 
a pressure iniet at the base, the three-piece mold was gently 
disassembled and the specimen dimensions were carefully 
determined using a vernier caliper. It should be pointed out
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that despite the fact that vaccum was applied to the specimen 
while the mold and rod were being removed, due to several 
intermediate stages involved, specially placement of the top 
cap assembly, it was essentially impossible to achieve 
relative densities below 20% by this procedure.
6. The hydraulically operated pressure cel 1 was lowered onto 
the base, the cel1 was filled with de-aired water, confining 
and cavity pressures of 5 psi were applied, and the vacuum was 
disconnected from the base of the cel 1,
7. Liquid C02 was perculated through the specimen for 10 to 15 
minutes under a low pressure gradient of about 2 psi.
6. Using the standard incremental back-pressure saturation 
technique (Head, 1986), the sample was saturated. Care was 
taken to increment the confining and the cavity pressures 
equally and at the same time. This was made possible through 
a special feature on the pressure panel.
7. After the sample was saturated, determined by reaching a 13- 
coefficient vaue of at least 0.98, the back-, confining, and 
cavity pressures were reduced and the sample was al1 owed to 
consolidate under an effective consolidation pressure of 
predetermined value. During the saturation and consolidation 
stages the axial specimen deformation was accurately monitored 
but generally no appreciable reduction in specimen height was 
recorded.
8. After the consolidation stage was completed, determined by 
a condition of zero excess pore pressure maintained over a
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time period of at least 2 hours, the drainage valve was 
closed, and the sapmle was sheared to failure. This was 
achieved by application of a constant rate of volume change to 
the cavity.
Cavity Volume Chance Rate. Monotonic cavity expansion 
liquefaction tests had not been reported prior to this study, 
and therefore, the effect of the cavity volume change rate on 
the soil response had to be evaluated. Figure 35 shows the 
results of a sensitivity analysis performed to address this 
need. These results indicate that a change in the rate of 
application of cavity volume from 0.2% to 1.0% per minute 
would not practically affect the soil response. Therefore, a 
rate of cavity volume change of 1.0% per minute was used in 
all monotonic tests.
Correction for Membrane Penetration. As discussed in 
chapter 4, for the fine HRD sand with Dso=0.13 mm no membrane 
penetration correction was necessary.
Effect of Testing Variables; A Parametric Study
A testing program involving 9 monotonic HCC liquefaction 
tests on specimens of the HRD sand, prepared under different 
initial conditions, was carried out. The purpose of these 
tests were to: (1) evaluate the effect of consolidation
pressure and relative density on the monotonic liquefaction 
resistance of the HRD sand, (2) establish the necessary data 
base of static HCC liquefaction tests for evaluation of the 
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(a) comparison of the static and cyclic HCC liquefaction test 
results to study the liquefaction mechanism in each case, and
(b) comparison of static HCC test results with those obtained 
from monotonic triaxial tests to evaluate the validity of the 
available interpretation procedures, specifically the steady- 
state line approach, for the stress path during a monotonic 
HCC test.
Effect of Relative Density. As shown in table 1 in 
chapter 3, the in-situ relative density and effective 
overburden pressure for the HRD sand were about 20% and 10 
psi, respectively. In order to determine the effect of 
relative density on the monotonic liquefaction resistance of 
the HRD sand, 5 tests were performed on the specimens prepared 
under an initial consolidation pressure (P0) of 10 psi and 
relative density (Dr ) values of 20, 30, 40, 50, and 80%. The 
cavity pressure,(or-P0 ), and generated excess pore pressure 
measured during each test are shown in figures 36 and 37, as 
functions of the cavity volume change. The individual test 
results are presented in Appendix D.
Interpretation of the Test Results. Figures 36 and 37 
illustrate the effect of the relative density on the obtained 
soi1 response in terms of the cavity pressure and generated 
excess pore pressure. As shown in figure 36, for the specimen 
with a relative density of 20% the cavity pressure rapidly 
increases to a maximum of about 4.5 psi at a small volume 
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very small value. The corresponding excess pore pressure 
response curve for this test, shown in figure 37, indicates 
that at the peak cavity pressure the excess pore pressure has 
not reached its maximum value, and in fact attains a value of 
about 8 psi. A similar observation was made in the case of 
triaxial static tests, discussed in chapter 4.
Figure 36 indicates that the maximum cavity pressure 
reached during the test increases with an increase in the 
relative density of the specimen. However, the cavity volume 
change corresponding to the peak cavity pressure does not 
significantly change, and in fact it only reaches a value of 
about 4%, for specimens with Dc values of 30 and 40%. Also 
indicated in figure 36, is the effect of relative density on 
the residual cavity pressures, that is values of cavity 
pressures at large strain. For instance, an increase in 
relative density from 20% to 30% increases the residual cavity 
pressure by about 1.50 psi.
Perhaps the most significant observation to be made from 
the results shown in figures 36 is the change in material 
response from contracting (i.e. liquefiable) to dilating or 
nonliquefiable. As the specimen relative density increases to 
30% and higher, the post-peak softening, or decrease in cavity 
pressure, gradually disappears. For the specimen with a 
relative density of 40% there is only minor post-peak 
softening, and the specimen prepared at 50% relative density 
actually exhibits some post-peak hardening.
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The change in the material response from contracting to 
dilating can be further explained through the excess pore 
pressure response curves shown in figure 37. The specimen 
prepared to a relative density of 20% represents the most 
liquefiable state among the five specimens tested. The excess 
pore pressure for this specimen reached the maximum value of 
the consolidation pressure, or 10 psi, indicating a condition 
of zero effective stress. As shown in figure 37, the excess 
pore pressures for the specimens prepared to relative 
densities of 20 and 30% are continuously increasing unti1 a 
certain axial strain is reached and then remain constant. It 
is important to notice that the maximum value of excess pore 
pressure reached during these tests decreased with an increase 
in the specimen relative density. This cl early indicates that 
an increase in the relative density decreases the soi 1 
susceptibility to liquefaction. As the specimen relative 
density is further increased to 40% or higher, the material 
response drastically changes, in fact the excess pore pressure 
decreases beyond a certain value of the cavity volume change 
as the material response changes from 1iquefiable to 
nonliquefiable.
Determination of The Steady-state Line. The steady-state 
line (SSL) approach has so far been used exclusively with the 
triaxial compression tests. The conventional definition of the 
SSL requires determination of either P' or o'3 at failure. 
However, during a HCC test only the cavity pressure,(ot -P0 ),
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is directly measured, and, therefore, the choice of the stress 
parameter to be used for establishing the SSL is not obvious. 
Figure 38 illustrates a piot of the cavity pressure at failure 
versus void ratio for the specimens prepared to relative 
densities of 20, 30, 40, and 50% under a consol idation
pressure of 10 psi.
The specimens prepared at relative densities of 20 and 
30%, as il lustrated in figures 36 and 37, did undergo 
monotonic 1iquefaction. However, the specimens prepared at 
relative densities of 30 and 40 % underwent dilation and did 
not liquefy. The failure points for specimens with relative 
densities of 20 and 30 % establish a straight 1ine. This 1ine 
could represent the SSL for the HCC tests. This definition is 
not, however, identical to that proposed by Castro (1969) for 
triaxial compression tests as the stress parameters for the 
two tests are different. The critical relative density at 
which the material response would change from contracting to 
dilating seems to be about 32 %, which is considerably lower 
than that observed in the case of the monotonic triaxial 
tests.
As discussed earlier, due to the steps involved in 
specimen preparation, it is practical 1y impossible to prepare 
specimens with Dr<20% using the current procedure. On the 
other hand, only specimens with relative densities of 20 and 
30% did undergo complete monotonic liquefaction. Therefore, it 








O  D  = 2 0  %
0.95
D  = 4 0
0.90
•  D  = 5 0
0.85 ■
0.80
10’1 1 10 102
Cavity Pressure at Failure (psi)
Figure 38. The Steady-state Line Derived From the Results of 
Undrained Monotonic Hollow Cylinder Cell Tests
143
10 with those obtained from the triaxial tests (chapter 4).
Effect of Consolidation Pressure. In order to determine 
the effect of consolidation pressure on the monotonic 
liquefaction resistance of the HRD sand, 4 tests were 
performed on the specimens prepared to a relative density (Dr) 
of 20% and consolidation pressure (P0 ) values of 10, 20, 30, 
and 40 psi. The cavity pressure, (oc -P0 ), and generated excess 
pore water pressure measured during each test are plotted as 
functions of the cavity volume change in figures 39 and 40. 
The individual test results are presented in Appendix D.
Interpretation of The Test Results. Figures 39 and 40 
illustrate the effect of the consolidation pressure on the 
cavity pressure and generated excess pore pressure obtained 
during the four monotonic HCC tests. As indicated in figure 
39, during all tests the cavity pressure rapidly increases to 
a maximum value at a cavity volume change of less than 4% and 
thereafter deccreases to a much lower value. The corresponding 
excess pore pressure response curves for these tests, shown in 
figure 40, indicate that the excess pore pressure at peak 
cavity pressure did not become close to the value of 
corresponding consolidation pressure for any of the four 
tests. A similar observation was made in case of the monotonic 
triaxial liquefaction tests discussed in chapter 4.
Figure 39 also indicates that the maximum (peak) cavity 
pressure reached during a test increases with an increase in 
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Figure 39. Effect of Confining Pressure on Cavity Pressure
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Figure 40. Effect of Confining Pressure on the Excess Pore 
Pressure in Monotonic Hollow Cylinder Cell Test
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cavity volume change corresponding to the peak cavity pressure 
does not significantly change. As indicated in this figure, 
the change in consolidation pressure also affects the residual 
cavity pressure, that is the value of the cavity pressure at 
large strain. For instance, an increase in P0 (o'c ) from 20 to 
30 psi increases the residual cavity pressure by 2.30 psi.
It is important to note that under a low relative density 
of 20%, even application of a high confining pressure of 40 
psi will not prevent the specimen from undergoing monotonic 
liquefaction. On the other hand, as discussed above, under a 
confining pressure of 10 psi, an increase in the relative 
density to about 50% wi11 be sufficient to prevent monotonic 
liquefaction. These observations are of high practical 
relevance as far as the in-situ liquefaction susceptibility of 
the HRD sand is concerned.
6.2 Cyclic HCC Liquefaction Tests
T h e .purpose of these tests were to: (a) determine the 
effect of testing variables, specifically consolidation 
pressure and relative density, on the cyclic liquefaction 
resistance of the HRD sand, and (b) provide, along with static 
liquefaction test results, the necessary data base for 
studying mechanisms of monotonic versus cyclic liquefaction, 
and (c) evaluate the effect of stress path on the cyclic 
liquefaction potential of the HRD sand as determined from HCC 
and triaxial tests.
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Testing Equipment. To perform the cyclic HCC liquefaction 
tests, a servo-controlled lateral pressure system was designed 
and constructed by the MTS company. This system allowed for 
application of monotonic as well as cyclic confining and/or 
cavity pressures of upto 300 psi. The lateral confining 
pressure system was integrated into the main triaxial system 
to allow for the use of the same electronic control units.
Data Acquisition and Control. The data acquisition 
hardware included a high performance 8 channel, 12 bit A/D 
board manufactured by Data Translation, Inc., a signal 
conditioning / amplifying interface, and an IBM PS/2 computer 
with a model 80286 (AT Compatible) Intel microprocessor 
equipped with a math co-processor to speed up the digital 
operations. The software used was Labtech Notebook Release 
4.30 developed by the Cyber Research, Inc. This software 
al1ows a real-time access to the experimental data which 
permits on-screen observation of the experimental results.
Specimen Compaction, Saturation, and Preparation. The 
same procedures described in section 6.1, above, were used.
Loading Frequency and Wave Form. During all cyclic 
liquefaction tests in this study a sinusoidal wave with a 
frequency of 1 Hz was used.
Applied Cyclic Cavity Pressure. Determination of the 
cyclic cavity pressure, o'CyC.r' was based on the 
interpretation procedure developed for static HCC tests. As 
discussed in section 5.5, this procedure yields a value for
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°'cyc,r based on the analysis of the results of the monotonic 
test on a sample with similar initial conditions.
Effect of Testing Variables: A Parametric Study
In order to determine the effect of relative density and 
consolidation pressure on the cyclic liquefaction potential of 
the HRD sand a series of 8 tests were performed. The test 
results are presented and discussed in the following sections.
Effect of Relative Density. In order to determine the 
effect of the relative density (Dr) on the cyclic liquefaction 
resistance of the HRD sand, a series of 4 tests were performed 
on the specimens prepared at relative densities of 20, 30, 40, 
and 50% and consolidation pressure of 10 psi. For each test, 
the cavity pressure and exceee pore pressure generated during 
the test were monitored. These results are presented in 
Appendix E. For the purpose of comparison, the generated 
excess pore water pressures for al1 four tests were shown in 
figure 41.
Interpretation of The Test Results. The obtained cavity 
pressure response for the specimens with relative densities of 
20 and 30%, indicate that after a certain number of loading 
cycles the soi 1 undergoes complete liquefaction with 
essentially zero residual shear strength. The pore pressure 
response for these two specimens, shown in figure 41, indicate 
that the excess pore pressures generated during the two tests 
did in fact reach 10 psi, the value of the consolidation 
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Figure 41. Effect of Relative Density on the Excess Pore 
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liquefaction) condition.
As the specimen relative density is increased to 40%, the 
soil response significantly changes. The cavity pressure 
response indicates that a finite, non-zero residual cavity 
pressure of about 1.5 psi is reached at a cavity volume change 
of about 20%. More importantly, it is noticed in this figure 
that further loading cycles have practically no effect on the 
value of the residual cavity pressure. As indicated in figure 
41, the rate of change of the excess pore pressure generated 
during this test starts to decrease at a cavity volume change 
of about 15%, reaching a practically constant value of 6 psi 
at about 20%. Further loading cycles does not seem to have any 
effect on the value of the excess pore pressure.
The results obtained for the specimen with a relative 
density of 50% indicate that an increase in the relative 
density yields an increase in the residual cavity pressure. A 
residual cavity pressure of 5.5 psi is reached for this 
specimen which is considerably higher than the value obtained 
in the case of the specimen at 40% relative density. The 
residual cavity pressure obtained remains virtually constant 
upon application of additional stress cycles. Similarly, an 
increase in the relative density causes a decrease in the 
value of the residual excess pore water pressure. As indicated 
in figure 41, the residual excess pore pressure of 3 psi is 
significantly lower than that obtained for the specimen with 
40% relative density. It is clear from theses results that an
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increase in the initial relative density of the specimen 
increases its resistance to development of initial 
liquefaction condition.
Figure 42 illustrates a comparison between the cyclic 
liquefaction potential of the HRD sand specimens determined 
from triaxial and hollow cylinder cell tests. It is important 
to note that, for specimens prepared under identical initial 
conditions, the liquefaction resistance is consistently higher 
in case of the hollow cylinder cell tests. The difference in 
the number of cycles required to induce liquefaction in the 
two tests increases with an increase in relative density.
The above observations point out the influence of the 
applied stress path on the cyclic liquefaction of the HRD 
sand. They also imply that for the stress path induced during 
a cyclic cavity expansion, the initially contracting material 
could undergo densification which tends to increase its 
resistance to the buildup of excess pore pressure.
Effect of Consolidation Pressure. In order to determine 
the effect of the consolidation pressure (o'c or P0) on the 
cyclic liquefaction resistance of the HRD sand, a series of 4 
tests were performed on the specimens prepared at a relative 
density of 20% consolidated under effective pressures of 10, 
20, 30, and 40 psi. For each test, the cavity pressure and 
excess pore pressure generated during the test were monitored. 
These results are presented in Appendix E.
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pressure on the generated excess pore water pressures, the 
pore pressures for all four tests are shown in the figure 43.
Interpretation of The Test Results. The obtained cavity 
pressure response for the specimens with consolidation 
pressures of 10 and 20 psi indicate that after a certain 
number of loading cycles the soil undergoes complete 
liquefaction with essentially zero residual shear strength. 
The pore pressure response curves for these two specimens, 
shown in figure 43, indicate that the excess pore pressures 
generated during both tests did in fact reach 10 psi, the 
value of consolidation pressure, thereby inducing a zero 
effective stress condition.
As the initial confining (i.e. consolidation) pressure is 
increased to 40%, the soil response significantly changes. The 
cavity pressure response indicates that a finite, non-zero 
residual cavity pressure of about 2.2 psi is reached at a 
cavity volume change of about 15 %. It is also indicated that 
further 1oading cycles have practically no effect on the value 
of the residual cavity pressure. As indicated in figure 43, 
the rate of change of the excess pore pressure generated 
during this test starts to decrease at a cavity volume change 
of about 17%, reaching a practically constant value of 6 psi 
at about 20%. Further loading cycles seem to have no effect on 
the value of the excess pore pressure.
The cavity pressure response curve obtained for the 
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increase in the consolidation pressure yields an increase in 
the residual cavity pressure. A residual cavity pressure of 
6.1 psi is reached for this specimen which is about 3 times 
that reached in the case of the specimen at 40% relative 
density. The residual cavity pressure obtained remains 
virtually constant upon application of additional stress 
cycles. As indicated in figure 43, however, an increase in the 
consolidation pressure results in an increase in the value of 
the residual excess pore pressure. This observation was also 
made in the case of cyclic triaxial tests discussed in chapter
4. These results clearly indicate that an increase in the 
consolidation pressure results in an increase in the specimen 
resistance to liquefaction.
Figure 44 illustrates the effect of the applied stress 
path on the cyclic liquefaction potential of the HRD sand as 
determined from the triaxial and hollow cylinder cell tests. 
The cyclic liquefaction potential of the triaxial specimens 
are consistently higher than the corresponding hollow cylinder 
cell specimen. The difference in the number of cycles required 
to induce liquefaction increases with an increase in the 
confining pressure.
6.3 Relationship Between Static and Cyclic Liquefaction
As pointed out earlier, monotonic and cyclic liquefaction 
potential of sandy soils have been studied independently in 
the past. One of the objectives of this study was to 
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cyclic liquefaction potential of the HRD sand through a 
fundamental study of the liquefaction mechanism in either 
case. In order to meet this objective, monotonic and cyclic 
liquefaction tests were conducted in the HCC equipment 
developed at an initial stage of this study. The results of 
these tests, focused on studies of the effect of Dr and o 'c , 
were discussed in sections 6.1 and 6.2, above.
A useful means of studying the 1 iquefaction mechanism(s) 
during HCC tests is to compare the the cavity expansion 
response curves obtained during monotonic and cyclic tests. 
Figure 45 illustrates such a comparison for tests conducted on 
specimens with initial relative density of 20% and 
consolidation pressure of 20 psi. As indicated in this figure, 
at a certain cavity volume change during the monotonic test, 
the specimen undergoes steady-state flow, and the shear 
strength is reduced to a very low value. On the other hand, 
during the cyclic test, the specimen undergoes complete 
col lapse with essentially zero residual shear strength. It is 
important to note that the starting point of collapse on the 
cyclic cavity expansion response curve approximately 
corresponds to the point of the peak cavity pressure on the 
monotonic response curve. In other words, a straight line 
connecting the origin of the coordinate axes to the point of 
the peak monotonic cavity pressure would approximately pass 
through the point where collapse is initiated during cyclic 
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for the specimens with consolidation pressures of 20, 30 and 
40 psi, presented in Appendix E. It should be recalled that a 
similar observation was made in case of the triaxial tests, 
discussed in chapter 4, where it was pointed out that the 
point of initiation of collapse during cyclic loading was 
related to the point of maximum stress ratio, q/p', during 
monotonic tests.
A similar observation is made when comparing the results 
of the monotonic and cyclic HCC tests conducted on specimens 




A comprehensive research program focusing on the in-situ 
and laboratory evaluation of the liquefaction potential of 
fine sands was carried out. The in-situ testing program, which 
involved cone penetration (CPT), piezocone penetration (PCPT), 
dual piezocone penetration (DPCPT) and seismic cone 
penetration (SCPT) tests, was carried out at two wel 1 - 
documented sites in the southern Imperial Valley, California.
During the in-situ phase of the study, a fine, metastable 
sand layer was identified and large quantities of the soil was 
transferred to the Louisiana State University geotechnical 
laboratory. The laboratory testing program involved monotonic 
and cyclic triaxial tests, as well as monotonic and cyclic 
hollow cylinder tests. In addition a new hollow cylinder 
testing equipment was developed which required numerical 
modeling of soil response to the specific stress path of a 
cylindrical cavity expansion.
A summary of the main findings in this study is presented 
in this chapter. For the purpose of better organization, the 
findings are categorized into four subsections:
(a) In-situ Liquefaction Analysis,
(b) Monotonic Liquefaction Potential,
(c) Cyclic Liquefaction Potential,
(d) New Hollow Cylinder Cell Equipment.
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7.1 In-situ Liquefaction Analysis
Several existing in-situ liquefaction evaluation
procedures were reviewed, and the main advantages and dis­
advantages of each procedure was pointed out. Four of the most 
widely used liquefaction evaluation procedures were selected 
for a comparative study of their predictive capabilities. Two 
of the selected procedures are based on direct use of cone 
penetration test results, one procedure is based on the 
correlations between SPT and CPT results, and the fourth is 
based on the seismic cone test results. The four selected 
methods were used to evaluate the in-situ liquefaction
potential of six sublayers of sandy deposits in the two sites. 
The results of this comparative study indicated that although 
these four procedures are based on different intrinsic
assumptionsthe, they yield quite consistent predictions.
As a part of this study, a large number of PCPT tests 
performed in the two sites to investigate the feasibility of 
using its results to evaluate the in-situ liquefaction
potential. Also, several DPCPT tests were conducted. The 
results of PCPT and DPCPT tests indicated that the measured 
test variables can be related directly to the soil contracting 
or dilatancy tendency. In particular, a combination of the 
friction ratio, tip resistance and the excess pore pressure at 
the tip can be used to determine thin liquefiable soil layers 
which are very hard detect using any other in-situ technique. 
Moreover, the difference between the excess pore pressures
162
measured at the tip and along the shaft, using the dual 
piezocone, is indicative of the stress path dependent nature 
of the shear induced volume changes of the soil. Specifically, 
in liquefiable soil deposits pore pressures measured at the 
tip and along the shaft are both positive, with the value 
measured at the tip being smaller. On the other hand, in 
nonliquefiable soil layers the pore pressure measured along 
the shaft is either very small or negative due to the applied 
shear stress.
The specific conclusions of the PCPT and PCPT tests are 
summarized below.
Analysis of the effect of the piezocell location on the 
measured pore water pressures suggests:
1. In sandy deposits (e.g. Heber Road site location 442', 2 to 
5.5 m, and Wildlife site location WSW, 4 to 6.8 m) the excess 
pore water pressure measured at the tip increases with the 
point resistance due to an increase in the normal stress. The 
excess pore pressures measured at the sleeve were essentially 
negligible.
2. The excess pore pressure measured on the cone tip is much 
more sensitive to the type of soil penetrated which can be 
correlated to the measured values of the tip resistance.
3. The excess pore pressures measured at the sleeve appears to 
be sensitive to the tendency of the sand to contract or dilate 
during shearing. In loose sand seams (e.g. Heber Road 700', at 
11.6 m) positive excess pore water pressures are generated
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both at the tip and at the sleeve (where the generated excess 
pore water pressures are much smaller. In medium dense sand 
layers which have a low dilatancy potential (e.g. Heber Road 
700', 9 to 10 m) large positive excess pore pressures are 
measured at the tip, while the pore pressures at the sleeve 
are negligible.
4. In loose, potentially liquefiable sand inclusions (e.g. 
Heber Road 700' , at 11.6, 13.5 and 14.0 m) large positive 
excess pore pressures were measured at the tip, with the 
excess pore pressures measured at the sleeve being positive 
but smaller.
5. In the two sites investigated dense sand inclusions were 
not encountered. However, in such inclusions negative excess 
pore pressures would be expected at the sieeve.
6. For most cases in both clay and sand layers, the excess 
pore water pressures recorded just above the cone, (u8 ) in the 
seismic piezocone, and behind the sleeve, in the dual 
piezocone, were practical 1y the same. Therefore, for most 
practical cases, the excess pore pressures measured with the 
dual piezocone at the sleeve could be used in the 
classification charts based on u0 , such as that proposed by 
Robertson et al. (1985).
7. In some cases (e.g. test no. 17.2, at 2.5 m, 5.3 m, 8.8 m), 
the excess pore pressure measured just above the cone became 
negative, while that measured behind the sleeve was positive. 
This observation tends to agree with the results of numerical
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simulations by Kiousis et al. (1988) suggesting the formation 
of an unloading zone at that location.
8. In light of the results obtained throughout this study, it 
appears that the location of the piezocell in the dual 
piezocone would be better suited for soil stratification and, 
specifically, for detection of loose liquefiable sandy layers.
Analysis of the PCPT test results with different piezo­
cell materials indicated the significant effect of the 
compressibility of the porous element and demonstrated that 
the stiffer ceramic element is more sensitive and yields more 
reliable data.
Analysis of the effect of the penetration rate on the 
measured tip resistance and the excess pore pressures at the 
two sites suggests:
1. In sand layers, the penetration rate most generally has 
practically no effect on neither the point resistance nor the 
friction ratio, and, therefore, would not affect the friction 
cone based soil classification.
2. The excess pore pressures measured at the tip are highly 
dependent upon the ratio of the penetration rate to the 
hydraulic conductivity of the soil (Juran and Tumay, 1989), 
therefore, the penetration rate has a significant effect on 
the measured excess pore pressures. In the loose to medium 
dense sand layers (e.g.
Heber Road site, location 440', depths 2 to 5 m, 7 to 8 m and 
9 to 10m) the excess pore pressures measured under the normal
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penetration rate were upto 2 times those measured under the 
fast rate.
The penetration rate also seem to affect the cone 
capability to establish site stratification and to detect 
loose sand seams (e.g. Heber Road site, 13.5 and 14 m) in 
which liquefaction can be initiated (Juran and Tumay, 1989). 
The normal penetration rate seems to yield a more detailed 
site stratigraphy as well as being able to more effectively 
detect loose sand seams.
3. The tip pore pressure is most sensitive to the variation in 
the soil stratigraphy, and can be correlated to variation in 
the tip resistance. Therefore, it can be used more effectively 
for detecting loose liquefiable sand seams.
4. During the fast penetration (i.e. 17 cm/s), the pore 
pressure measured by the piezocell at the sleeve (i.e. about 
17 cm above the tip) includes a component due to the residual 
pore pressures generated at the tip. Therefore, the effect of 
the penetration rate on the excess pore pressures measured at 
the sleeve specifically in sand layers is difficult to 
analyse. Furthermore, the limited data base obtained during 
this study suggests that the fast rate penetration would not 
necessarily improve the piezocone capability to detemine the 
liquefaction potential of soils.
5. In clayey soils, it appears that fast penetration would 
indicate an apparent stiffness. This observation is supported 
not only by higher friction ratios measured under the fast
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rate, but also by lower pore pressures both at the tip and at 
the sleeve, with the pore pressure at the sleeve sometimes 
becoming negative.
6. The presently available classification charts are developed 
on the basis of the standard penetration rate of 2 cm/s. 
Significant research is therefore required to develop 
methodologies to integrate the penetration rate into the 
liquefaction evaluation procedures.
7.2 Monotonic Liquefaction Tests
The monotonic liquefaction tests performed in this study 
included both triaxial and hollow cylinder cell (HCC) tests on 
specimens of the Heber Road Dune (HRD) sand prepared under 
different initial relative densities and confining pressures.
The results of monotonic triaxial liquefaction tests 
performed on specimens of the HRD sand were discussed in 
section 4.1. These results seem to suggest a number of 
significant points:
1. At any given relative density between 10 and 50%, for a 
consolidation pressure of 10 psi, the deviatoric stress 
rapidly increases to its peak value at a low axial strain of 
about 0.5 to to 1.5% and thereafter deccreases continuously to 
a residual, in some cases negligible, value.
2. The corresponding excess pore pressure response curves for 
these tests indicate that at the peak deviatoric stress the 
excess pore pressure does not reach the consolidation 
pressure.
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3. The peak deviatoric stress reached during any test 
increases with an increase in the initial relative density of 
the specimen. However, the axial strain corresponding to the 
peak deviatoric stress does not significantly change.
4. An increase in the relative density results in an increase 
in the residual deviatoric stress.
5. As the specimen relative density increases, the material 
behavior changes from liquefiable, with a large post-peak 
strain softening, to nonliquefiable, with essentially no post­
peak softening. The experimentally established SSL for the 
sand suggests the limiting relative density for this change of 
state to be between 38 to 40%.
6. The initial specimen relative density highly affects the 
obtained effective stress paths, which collectively define a 
unique failure envelope.
7. For any consolidation pressure between 10 and 40 psi, at a 
relative density of 20%, the peak deviatoric stress increases 
appreciably with an increase in the consolidation pressure of 
the specimen, while the axial strain corresponding to the peak 
deviatoric stress does not significantly change.
8. An increase in the consolidation pressure also results in 
an increase in the residual deviatoric stress.
9. For the specimen initial conditions described above, an 
increase in either relative density or consolidation presure 
increases monotonic liquefaction resistance.
The results of HCC monotonic liquefaction tests conducted
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in this study were discussed in section 6.3. These results 
seem to be in agreement with some of the findings enumerated 
above for the stress path of the triaxial test, while there 
are also certain points of distinction:
1. At any given relative density between 10 and 50%, for a 
consolidation pressure of 10 psi, the cavity pressure rapidly 
increases to its peak value at a low cavity volume change of 
less than 4.5% and thereafter decreases continuously to a 
residual, in some cases negligible, value.
2. The corresponding excess pore pressure response curves 
indicate that at the peak cavity pressure the excess pore 
pressure does not reach the consolidation pressure.
3. The peak cavity pressure increases with an increase in the 
initial specimen relative density, while the corresponding 
value of the cavity volume change does not significantly 
change.
4. An increase in the relative density causes an increase in 
the residual cavity pressure.
5. As the specimen relative density increases, the material 
behavior changes from liquefiable to nonliquefiable. The 
experimentally established SSL suggests the limiting relative 
density to be between 32 to 34%.
6. The effective stress paths cannot be experimentally derived 
with the present instrumentation. A direct measurement of 
major and minor principal stresses during cavity expansion 
tests is necessary for this purpose.
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7. For any consolidation pressure between 10 and 40 psi, at a 
relative density of 20%, the peak cavity volume change 
increases appreciably with an increase in the consolidation 
pressure of the specimen, while the corresponding cavity 
volume change does not significantly change.
8. An increase in the consolidation pressure also results in 
an increase in the residual cavity pressure.
7.3 Cyclic Liquefaction Tests
Both cyclic triaxial and HCC tests were performed on 
specimens of the HRD sands with different initial conditions. 
The results of cyclic triaxial liquefaction tests performed on 
specimens of the HRD sand were discussed in section 4.2. These 
results seem to suggest a number of significant points:
1. For a given relative density between 20 and 50%, with a 
consolidation pressure of 10 psi, the number of stress cycles, 
at 1 Hz frequency, required to induce liquefaction increases 
with increasing relative density.
2. At a relative density of 80%, under consolidation pressure 
of 10 psi, the specimen did not liquefy although it did 
undergo cyclic mobility deformation.
3. The rate of generation of the excess pore pressure 
decreases with increasing relative density for the values of 
Dc between 20 and 50%, although all four specimens did liquefy 
when enough number of cycles were applied. For the specimen 
prepared at the relative density of 80%, a constant excess 
pore pressure was attained after a certain number of loading
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cycles, and further cycles did not cause any increase in this 
constant excess pore pressure value.
4. For a given consolidation pressure between 10 and 40 psi, 
at a relative density of 20%, the rates of generation of the 
excess pore pressure and axial strain decrease, although after 
application of a large number of stress cycles all specimens 
did finally liquefy.
The results of HCC cyclic liquefaction tests conducted in 
this study were discussed in section 6.3. These results seem 
to be in agreement with some of the findings enumerated above 
for the stress path of the triaxial test, while there are also 
certain dissimilarities:
1. Under a similar stress level, determined by the value of 
the applied CSR, the liquefaction resistance of the HCC 
specimen, is always higher than that for the corresponding 
triaxial specimen prepared under identical initial conditions.
2. Under a consolidation pressure of 10 psi, only the 
specimens at relative densities of 20 and 30% did actually 
liquefy. For the specimens at 40 and 50%, a constant residual 
shear strength was reached, which was not affected by 
additional stress cycles. This observation tends to suggest 
that under the cyclic stress path of a cavity expansion test 
the specimens prepared at relative densities of 40 and 50% 
underwent a change of state from their initially liquefiable 
condition, perhaps due to some compaction mechanism. It is 
important to recall that the specimens prepared to identical
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initial conditions did liquefy under the stress path of cyclic 
triaxial test.
3. The rate of generation of the excess pore pressure did 
decrease with an increase in the initial specimen relative 
density.
4. Under a relative density of 20%, only the specimens with 
consolidation pressures of 10 and 20 psi did liquefy. The 
specimens with consolidation pressures of 30 and 40 psi only 
underwent cyclic mobi1ity deformation, developing excess pore 
pressures which reached a constant residual value after a 
certain number of loading cycles. Again, it is significant to 
point out that under the stress path of cyclic triaxial test, 
specimens with consolidation pressures of 30 and 40 psi did 
undergo complete 1iquefaction.A useful means of studying the 
liquefaction mechanism(s) during HCC tests is to compare the 
the cavity expansion response curves obtained during monotonic 
and cyclic tests.
The results of both triaxial and hollow cylinder cell 
tests seem to suggest that the starting point of collapse 
during cyclic tests approximately corresponds to the point of 
the peak deviatoric stress (the peak cavity pressure in case 
of HCC tests) during monotonic test. In other words, a 
straight line connecting the origin of the coordinate axes to 
the point of the peak point on the monotonic stress respose 
curve (either the deviatoric stress or the cavity pressure) 
would approximately pass through the point where collapse is
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initiated during cyclic loading.
7•4 New Hollow Cylinder Cell Equipment
A hollow cylinder cell equipment, which allows perfoming 
static and cyclic cavity expansion tests, was designed, 
fabricated and calibrated. A major consideration in the design 
of the hollow cylinder cell equipment was to minimize the 
boundary condition effect. In order to achieve this objective, 
effect of the ratio of the internal to external radius, R/r0 , 
on the observed soil response was to be determined. This in 
turn required an appropriate test interpretation procedure and 
the use of an appropriate soil model.
In order to address the need for a more adequate 
interpretation procedure, a new approach was proposed which 
permits the determination of the shear strength properties, 
dilatancy properties, and shear modulus of sands from the 
analysis of HCC test results. A relatively simple soil model 
was developed which takes into account the contracting /
dilating behavior of the soil during cavity expansion. The 
soil is assumed to be an elasto-plastic material with a non­
associated flow rule.
In order to evaluate the proposed intererpretation
procedure, it was used to simulate the results of cavity
expansion tests (CET) on Fontainbleau sand. Numerical 
simulation of the test results using the proposed effective 
stress analysis procedure indicated that the effective stress 
soil response are not affected by the geometric boundary
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conditions, governed by the R/r0 ratio. However, comparison of 
the engineering properties of the sand derived from the 
expansion tests and those obtained from triaxial tests shows 
that the applied stress path affects the soil response. Also, 
the applied stress path affects soil properties: the plain 
strain cavity expansion tests result in higher peak friction 
angle ($'), and dilation angle (v), as compared to the 
triaxial compression tests. These findings are consistent with 
the results previously reported in the literature.
In order to further validate the effective stress 
analysis procedure proposed in this study, its predictions 
were compared with those obtained using the conventional total 
stress analysis procedures. This comparative analysis 
indicated that the obtained shear curve by the total stress 
anlysis procedure is noticeably affected by the geometric 
boundary conditions, governed by the R/r0 ratio. On the other 
hand, the effective stress analysis interpretation procedure 
developed in this study provides a unique soil response to 
cavity expansion.
Recommendations for Future Research. The work reported 
herein presents only a minor contribution to the State-of-the- 
Art in the evaluation of the 1iquefaction potential of sandy 
soil deposits. Certain areas of the present work could be 
extended to provide better understanding of the mechanisms 
involved in monotonic and cyclic liquefaction:
1. The design of the hollow cylinder cell equipment could be
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modified to allow for preparation of specimens with Dr <20%.
2. Effect of several testing variables on the soil response to 
cyclic HCC cavity expansion could be investigated. These 
parameters include specimen preparation, loading mode, rate of 
application of cavity pressure or volume change, etc.
3. The effective stress analysis procedure developed herein 
could be extended to the strain softening soil response, and, 
therefore, to simulate monotonic liquefaction. This would be 
possible mainly due to the fact that, as shown in this study, 
the stress ratio, q/p', is independent of the stress path.
4. Self-boring pressuremeter test (SBPMT) presents primarily 
two advantages over the other in-situ tests with regard to the 
in-situ liquefaction analysis: capability to measure both 
volume changes and the excess pore pressures during the 
shearing, and minimized soil disturbance. Hoilow cylinder 
celIs provide adequate laboratory models of a pressuremeter 
test. Honotonic and/or cyclic HCC tests could be coupled with 
in-situ pressuremeter tests with measurements of the excess 
pore water pressure for laboratory-field correlations. The 
outcome of such studies could be a liquefaction evaluation 
procedure which combines our fundamental knowledge of the soil 
response in the field and in laboratory under both monotonic 
and cyclic loading. This study could further be enhanced 
through numerical simulations of the test results. The 
effective stress analysis developed in this study presents a 
simple but efficient tool for this purpose.
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